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ABSTRACT 
This report describes the structural response of 
fractured steel multigirder bridges under loads from the 
design service level to the serviceability limit level. The 
research is conducted in two major phases, each employing 
separate analytical models of multigirder bridge behavior. 
In Phase I the major factors effecting the be-
havior of damaged multigirder bridges are examined using a 
general purpose linear elastic finite element program. 
Detailed three dimensional models are developed including 
most of the structural detail of standard short, medium, and 
long span FHWA multigirder bridges. The multigirder bridge 
response is quantified in terms of deflection profiles in 
the longitudinal and transverse directions, girder lower 
flange stress, slab stress parallel and perpendicular to the 
steel girders, cross bracing stresses, and support reac-
tions. This research provides bridge engineers with valu-
able information concerning: (l) the general behavior of 
mult: 'rder bridges with a severely damaged main load carry-
ing ·· Jer, (2) the effect of span length on the response of 
a dan.~ged multigirder bridge, (3) the response of a damaged 
multigirder bridge when overloaded, (4) the response of a 
multigirder bridge to limited damage to the tension flange 
and/or web, and (5) the effect of various support conditions 
on the response of a damaged multigirder bridge. A large 
amount of quantitative data has been provided in graphical 
and tabular form supporting the conclusions of this study. 
The Phase II. 2search investigates the response of 
damaged multigirder bridges beyond the limits of linear 
elastic behavior. An analytical model is developed which 
permits the complete overload analysis of fractured multi-
girder bridges. While this new modeling technique includes 
l 
only the bridge's primary load carrying members, it realis-
tically incorporates inelastic stress-strain relationships, 
cracking and crushing of concrete, yielding and strain har-
dening of reinforcing and girder steel, buckling of flanges, 
and buckling of girder webs. This nonlinear model is 
employed in studying the response of damaged multigirder 
bridges to normal loads and overloads. The response is 
quantified in terms of load versus deflection, longitudinal 
and transverse deflection profiles, and girder lower flange 
stress. Failure areas are identified, and post-failure 
stress redistribution is monitored for the reinforced con-
crete deck and steel girders. The key quantitative find-
ings of this phase are provided in graphical form to 
faci~ita:e i:s use by bridge engineers. 
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1. INTRODUCTION. 
1.1. Introduction. 
Field observations of steel highway bridges indi-
cate that the girders can be susceptible to fracturing. 
Steel girders with tension flange cracks perpendicular to 
the primary stress field are considered critical cases, 
requiring the immediate determination of the bridge's 
safety and serviceability. The subsequent closing of the 
bridge to make necessary repairs is a dreaded, but often 
necessary, action. 
Throughout recent civil engineering literature, 
numerous examples have been cited of bridge structures 
having serious damage undetected for undetermined periods 
of time. One of the more dramatic and publicized occur-
rences was the ll foot crack of a main girder on the I-79 
bridge discovered in January, 1977 (Ref. 42). A large 
number of smaller structures have been identified which 
have functioned with significant damage. Csagoly and 
Sweeney have cited examples of substantial damage going un-
detected in highway (Ref. 9) and railroad bridges (Ref. 
43), respectively. Fisher amassed information on cracks 
existing in nearly 150 different bridge structures in 20 
states and Ontario (Ref. 14). 
More recently, Daniels, et al, obtained and 
reviewed 1nformation from over 130 fatigue and/or fracture 
damaged steel bridges in the u.s., Canada, and Japan (Pef. 
10). Detailed case studies were provided of the steel gir-
der bridge damage for many of these bridges. Although 
moderate to severe cracking had developed in 13 bridge gir-
ders, and near full-depth fracture of four bridges, no col-
laose of a soan had occurred. All the bridges remained ih 
3 
service without undue problems until the damage was dis-
covered. 
These investigations confirm the existence of 
severe cracking on in-service highway bridges. It is also 
known that the majority of highway bridges are periodically 
subjected to overloads, i.e., live loads in excess of the 
service loads used in the design computations. With slight 
overloading, the structure may remain within the limits of 
linear elastic response. However, the overloading may 
propel its structural response to a level above the propor-
tional limit, but yet still remain far below the collapse 
load. The fact that bridge structures with cracks are sub-
jected to overloads make it imperative that bridge en-
gineers know the reserve strength, load redistribution, and 
non-recoverable damage of these bridges. 
1.2. Previous Research. 
During the last decade, substantial progress has 
been made in determining the overload response of uncracked 
steel multigirder bridges. 
Research by Wegmuller and Kostem (Refs. 47, 48, 
and 49) developed a technique for predicting the elasto-
plastic response of eccentrically stiffened plates. A sig-
nificant development in this research was the use of 
layered elements to monitor the spread of yielding 
throughout the structure. Based on this work, Kulicki and 
Kostem (Refs. 25, 26, 27, 28, and 29) extended the model 
and the technique to ~. orporate eccentrically located 
reinforced or prestressed concrete beams. In this analysis 
the response characteristics of the concrete beams were 
realistically modeled, including the cracking and crushing 
of concrete and yielding of the reinforcing steel. Sub-
4 
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sequently, Peterson and Kostem (Refs. 36, 37, 38, and 39) 
further extended the analysis technique to accurately simu-
late the biaxial behavior of reinforced concrete slabs, and 
thus in the end, to reliably predict the overload response 
of concrete highway bridge superstructures. These studies 
provided the theoretical and analytical foundation for sub-
sequent studies of steel highway bridges. 
Extension of these concrete bridge studies to 
steel bridges began in earnest in the mid-1970's. Tum-
minelli and Kostem developed a general finite element for-
mulation to be used to perform linear elastic analysis of 
composite single or multibeam, simple or continuous bridge 
superstructures (Refs. 44, 45, and 46). This formulation 
could include the effects of slip between slab and beams, 
shear deformation of the beams, and shear lag in the deck. 
The works of Tumminelli/Kostem and 
Peterson/Kostem were integrated by Hall and Kostem to 
develop a model for predicting the inelastic overload 
response of intact steel multigirder bridges (Refs. 16, 17, 
18, and 19). This model included the complexities in 
material behavior and losses in stiffness due to yielding, 
cracking, crushing, strain hardening, flange buckling, and 
web buckling. 
In bridge engineering literature there still ex-
ists a major gap in the prediction of a bridge's response 
having existing damage. Heins and Hou used a simplified 
space frame finite element model to report on the effect of 
several bracing configurations on the maximum deflecticn of 
a multigirder system ~. ~n a fracture develops in one of the 
girders (Ref. 20). Heins and Kato also used a finite ele-
ment model to examine the effect of bracing on the load 
distribution of a two girder bridge system when one of the 
main girders was subjected to an induced flange crack (Ref. 
5 
21). Both of the above reports used linear elastic finite 
element models; neither addressed overloads. 
Sangare and Daniels conducted a computer study of 
a steel deck truss bridge (Ref. 51) where post-elastic mem-
ber behavior was considered. In the investigation, even 
though the bottom chord of one truss was assumed to be com-
pletely severed at midspan, all members of both main 
trusses remained elastic. 
It appears that much work has yet to be done in 
quantifying steel bridge response when damaged and/or over-
loaded. This situation exists despite the availability of 
computer models which can replicate the sophisticated man-
ner in which steel multigirder bridges behave. This re-
search will attempt to fill this gap in the level of en-
gineering knowledge in this critical area of concern to 
bridge engineers. 
1.3. Purpose. 
The purpose of the reported research is to fully 
invest~gate the structural response of fractured steel mul-
tigirder bridges in the region from design load levels to 
the upper limit of serviceability. The results will: 
l. Provide an analysis tool which permits the 
bridge engineer to predict both the elastic and inelastic 
response of a damaged bridge superstructure in terms of 
live load versus deformation, material failure, and in-
stability. 
2. Allow b~ ~ge engineers to have a qualitative 
and quantitative understanding of actual perfoDmance of 
commonly used multigirder bridges after fractures have 
developed. 
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1.4. Scooe. 
Due to the complexity and range of the research, 
it has been divided into two major phases. 
1.4.1. Phase I. 
Phase I examined the major factors effecting the 
behavior of damaged multigirder bridges. Finite element 
models were developed for the most common types of simply 
supported highway bridges. These models were thorough 
three dimensional finite element models including as much 
of the actual structural detail as possible to include 
cover plates, cross bracing members, diaphragms, transverse 
stiffeners, curbs, and supports. Models included short, 
medium, and long multigirder bridges. Loads were kept 
within the range of commonly accepted loads and overloads. 
The multigirder bridge response was quantified in terms of 
deflection profiles in the longitudinal and transverse 
directions, girder lower flange stress, slab stress paral-
lel and perpendicular to the steel girders, cross bracing 
str• and support reactions. 
Phase I provides qualitative and quantitative 
answers to the following questions of concern to bridge 
engineers: 
1. How is multigirder bridge behavior effected 
by severe damage to a main load carrying member? 
2. How does span length effect the response of a 
damaged multigirder bridge under normal loading? 
3. How does the response of a damaged multigir-
der bridge change when overloaded? 
4. If the damage level existing on a multigirder 
bridge is reduced from the most severe scenario, does the 
response change significantly? Can the new response be 
predicted? 
7 
5. How is the response of a damaged multigirder 
bridge effected by changes in the design support 
conditions? 
Due to the sophistication of the model, the num-
ber of parameters to be analyzed, and the relatively low 
live load levels; the models for the Phase I research were 
developed using a general purpose linear elastic finite 
element modeling program. 
The Phase I research is described in Chapters 2 
and 3 of this report. Chapter 2 addresses the modeling of 
multigirder bridges for linear elastic damage analysis; 
Chapter 3 describes the results of the parametric study 
using these models. 
1.4.2. Phase II. 
The Phase T research identified several sources 
of nonlinear behavior for damaged multigirder bridges. To 
fulfill the study's overall purpose, the Phase II research 
investigated the response of damaged multigirder bridges 
incc ~ating this nonlinear behavior. 
The development of a analytical model for the 
noni_. ~ar analysis of damaged multigirder bridges is a 
critical Phase II research task. This modeling technique 
must permit the performance of a complete overload analysis 
of fractured multigirder bridges. To realistically dupli-
cate actual bridge behavior beyond the linearly elastic 
range, the new model must incorporate inelastic stress-
strain relationships, cracking and crushing of concrete, 
yielding and strain hardening of the reinforcing and mild 
steel, buckling of flanges, and buckling of girder webs. 
Because of the complexity of the nonlinear damage technique 
and the high computational costs, only primary load carry-
ing members (steel girders and reinforced concrete slab) 
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were incorporated into the model. 
Fo~lowing its development, the nonlinear model 
was employed to study the response of damaged multigirder 
bridges to loads and overloads. Load levels approached the 
structure's serviceability limit level. The response was 
quantified in terms of load versus deflection, longitudinal 
anc transverse deflection profiles, and girder lower flange 
stress. Failure areas were identified, and post-failure 
stress redistribution was monitored for the reinforced con-
crete deck and steel girders. 
Chapter 4 and 5 provide the details of the Phase 
II research. Chapter 4 describes the development of the 
nonlinear damage model; Chapter 5 presents the results of 
using this model for ana!yzing the non!inear behavior o~ 
multigirder bridges. 
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2. MODELING OF COMMON MULTIGIRDER HIGHWAY BRIDGES FOR 
LINEAR ELASTIC DAMAGE ANALYSIS. 
2.1. The Actual Structure. 
The focus of the research was on the superstruc-
tures containing multiple welded A36 steel girders and 
reinforced concrete desk slab; designed for HS20-44 vehicle 
loading using the AASHTO Standard Specifications for High-
way Bridges of the 1960's (Ref. 2). The cross section of 
the simple span - multigirder bridges analyzed is shown in 
Fig. 1. The figure is extracted from Ref. 13. This 
reference contains all pertinent details for the multigir-
der bridges investigated. These bridges were selected be-
cause they represent an excellent sampling of the type of 
interstate highway bridge structure in use during the last 
two decades. Some of the more critical structural details 
of these simp:e span bridges will be summarized in this 
section. 
All bridges have six girders spaced at 94 inches 
center-to-center and a 44 foot wide clear roadway. Each 
has a 7.5 inch reinforced concrete slab designed to develop 
complete . ~ ~ . ln~erac_lon with the main girders. The slab over-
hangs the outside girders of all the bridges by 41 inches. 
A 18 inch by 12 inch curb lies along both edges of the 
slab. The bridges' six plate girders are nonprismatic in 
nature with 3/8 inch thick webs. 
To identify the effect of span length during 
Phase I of the researc: span lengths of 100 feet, 140 
feet, and 180 feet were analyzed. The major difference be-
tween the three spans is the geometry of their six parallel 
welded girders, and the location of cross bracing and other 
secondary members. Most of these differences are depicted· 
10 
in Fig. 2, also extracted from Ref. 13. As seen in Fig. 2, 
the webs of the nonprismatic girders have depths of 66 
inches, 94 inches, and 120 inches for the 100 foot, 140 
foot, and 180 foot spans respectively. The dimensions of 
the upper and lower flanges of the welded girders vary 
along their lengths with the dimensions shown in Fig. 2. 
In addition, the number and location of cross bracing 
frames differ for each of the three different spans. The 
100 foot bridge has five frames spaced at 300 inches; the 
140 foot bridge has seven frames spaces at 280 inches; and 
the 180 foot bridge has nine frames spaced at 270 inches. 
The location and size of transverse and longitudinal stiff-
eners also differ as depicted in Fig. 2. 
2.2. The Three Dimensiona~ ~odel. 
2.2.1. Overview. 
Even though the field testing of actual struc-
tures is desirable, the conduct of the reported research in 
the field is impractical at best. Consequently, computer 
simulation employing finite element modeling was used 
throughout the investigation. In the finite element method 
of structural analysis the structure is divided into an as-
semblage of discrete subunits called finite elements. 
These elements are interconnected at discrete node points. 
The behavior of each finite element can be described by the 
element stiffness matrix which relates node point forcts to 
node point displacements. By stacking all of the element 
stiffness matrices and considering the applied node point 
loads and node point constraints, a set of equilibrium 
equations results. A detailed treatment of the finite ele-
ment method as applied to structural analysis can be found 
11 
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in numerous references. Several of these titles are 
referenced in this work (Refs. 5, 7, 11, 15, and 50). 
Due to the complex nature-of the expected 
response of the bridges, a full three dimensional model was 
required. The two major components of this three dimen-
sional model are: 
1. Two dimensional girders modeled with multiple 
elements over their length and depth as shown in 
Fig. 3. 
2. A reinforced concrete slab modeled with mul-
tiple two dimensional plate bending elements over 
its length and width as shown in Fig. 4. 
Joining these two major two dimensional com-
ponents at right ansles at their common node points creates 
a three dimensional structure. 
In addition to the extremely detailed finite ele~ 
ments used to simulate the primary components, most of the 
secondary details of the bridge were also modeled. This 
includes components such as stiffeners, diaphragms, cross 
brae·:~~:-·, curbs, and supports; members which are normally 
fi 
excl~~~d from analytic bridge models. With these secondary 
members added, the full finite element discretization of 
the bridge is shown in Fig. 5. 
Even though the structure is symmetric about both 
the roadway centerline and midspan, the entire structure 
was modeled. This was necessary to allow for the applica-
tion of unsymmetrical loads. By not invoking symmetry in 
the model, analysis of the effects of unsymmetrical support 
conditions was also po·.~ible. 
2.2.2. Nodal Pattern and Numbering. 
During this phase of the research, the global x, 
y, and z axes were oriented in the longitudinal, vertical, 
12 
and :ransverse directions respectively. The Phase I 
program used node numbers as the basis for numbering the 
nodal displacements. Hence, the bandwidth of the overall 
stiffness matrix depends upon the largest difference be-
tween any two external node numbers for a single element. 
To minimize the model's bandwidth, the nodes were generally 
numbered successively in the smallest dimensions first. 
Hence, nodal numbering was done successively in the y, then 
z, and then x directions. 
Fig. 6 shows the nodal numbering along a 
transverse cut at the near bearing end of the bridge. The 
orientation of this cut is the same as the actual bridge 
plans previously seen in Fig. 1. From Fig. 6 the reader 
can see the three distinct layers of the bridge's model. 
The top layer is at the mid-depth of the concrete slab (and 
the girder's upper flange); the bottom layer at the 
girder's lower flange; and the middle layer is at the 
middle depth of the girder. The dependence of the model on 
the assumption of full composite action between the slab 
and girder is obvious. 
On the right side of the bridge model, duplicate 
nodes were established near the outside girder at all node 
levels. Most of these duplicate nodes were defined in an-
ticipation of creating fractures on the outside girder as 
will be d:scussed in section 2.3. Some of the duplicate 
nodes were created to maintain a convenient nodal numbering 
pat tern .• 
The nodal pattern depicted in Fig. 6 was repeated 
at regular intervals along the longitudinal ("x") direction 
of the model. The longitudinal interval between adjacent 
transverse nodal patterns is 50 inches, 70 inches, and 90 
inches for the 100 foot, 140 foot, and 180 foot models 
respectively. Near the midspan, these intervals were 
13 
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reduced as seen in Figs. 3, 4, and 5 for better damage 
simulation in the vicinity of the girder fracture. This 
damage simulation will be discussed further in section 2.3. 
2.2.3. Element Modeling. 
The finite element analyses in Phase I were con-
ducted using program SAPIV (Ref. 6). The structure was 
modeled using a combination of truss, beam, and plate bend-
ing elements from the SAPIV element library. A summary of 
the finite element model is listed in Table l and discussed 
below. All structural steel is A36 steel with an assumed 
modulus of elasticity of 29000 ksi and a Poisson's ratio of 
0.30. 
2.2.3.1. The Reinforced Concrete Slab. 
The SAPIV plate bending element can simulate both 
in-plane and plate bending behaviors. The rationale for 
using this element for modeling the slab is obvious. 
Full composite action between the 7.5 inch thick 
slab and the plate girder is assumed. That is, the trans-
lation and rotation of all node points common to the slab 
and the plate girder are assumed to be exactly the same. 
The slab's width is 46 feet for all three spans 
of interest. This width is divided into twelve transverse 
elements: two elements between each of the six parallel 
plate girders, and one element overhanging each edge gir-
der. The longitudinal length is subdivided into 30 ele-
ments. The length of these elements vary for each span, 
depending on their proximity to the midspan. Hence the 
slab is subdivided into the 360 elements depicted in Fig. 
4. The modulus of elasticity of the slab material is as-
sumed to be 3320 ksi (corresponding to a concrete strength 
of 3000 psi) and the Poisson's ratio is assumed to be 0.20. 
14 
2.2.3.2. The Plate Girder Web. 
Plate bending elements were used for the plate 
girders' webs because significant transverse deflection and 
beam-slab interaction was expected, especially after damage 
initiation. 
Fig. 3 shows each girder web modeled with two 
plate bending elements through the web depth, and 30 ele-
ments in the longitudinal direction, for a total of 360 
plate bending elements. The dimensions of these 3/8 inch 
thick elements vary for each of the spans; and depending on 
their proximity to the midspan. 
2.2.3.3. T~e Plate Girder Flanaes. 
Since the girder web was modeled as plate ele-
ments, the lower flange was modeled as a beam element to 
allow more realistic bending action than could be provided 
with truss elements. 
In the case of the upper flange of the plate gir-
der, it was unnecessary for this compression flange to be 
modeled using beam elements. It is assumed that this 
flange would act compositely with the reinforced concrete 
slab, and therefore have less global ef~ect on the struc-
tural response. 
Due to the nonprismatic nature of the plate gir-
der, each bridge model used three different sized elements 
corresponding to the actual flange of the structure. 
Thirty elements were used across the length of each of ~he 
girders for their upper and lower flanges. Hence a total 
of 180 beam elements were used to model the lower flange; 
and 180 truss elements were used to model the upper flange. 
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2.2.3.4. The Curb. 
The curb was modeled with beam elements over its 
full length on both edges of the bridge slab. This per-
mitted the realistic addition of its significant bending 
stiffness to the overall structural stiffness. 
Each of the two curbs were modeled with 30 beam 
elements for a total of 60 elements. Since the center of 
gravity of the curb is actually 12.5 inches above the 
central plane of the slab, the moment of inertia of the 
curb was increased by an amount equal to its area multi-
plied by 12.5 2 inches squared. The modulus of elasticity 
of the curb material is assumed to be 3320 ksi and the 
Poisson's ratio is assumed to be 0.20. 
2.2.3.5. Secondary Members. 
The transverse stiffeners, cross bracing, and 
diaphragms were modeled as truss elements. As secondary 
members, it was felt that one dimensional truss elements 
were sufficient to capture these members' gross effect on 
the overall structural behavior. 
The transverse stiffeners were positioned as 
close as possible to their actual location on the struc-
ture. In some cases the model does not correspond exactly 
with the actual structure since the transverse stiffeners 
were placed at the nearest location where nodes already ex-
isted. 
The cross bracing and diaphragms were placed at 
their true locations with respect to the longitudinal axis 
of the bridge. HowevE; they are modeled to frame between 
the upper and lower layers of node points. Hence, the 
model differs slightly from reality as seen by the actual 
framing points depicted in Fig. 1. These differences 
should have a minimal effect on the overall structural be-· 
16 
havior. 
The number of secondary members varied widely for 
each of the different spans. These differences are high-
lighted in Table 1. 
2.2.3.6. Superstructure Supports. 
Boundary elements (one dimensional truss-like 
elements) were used at the bearing ends to capture all ap-
plicable reactions at the supports. Three boundary ele-
ments were placed at the two bearing ends of each of the 
six plate girders for a total of 36 boundary elements. 
When activated, these boundary elements could prevent the 
translation of the lower girder flange in the direction 
specified. The use of these boundary elements in the study 
of the effect of varying support conditions will be dis-
cussed in section 2.5. 
2.2.4. Moce~ Validation. 
The integrity of the entire SAPIV model was ex-
amined by producing a large scale plot of the entire bridge 
model using program SPLT (Ref. 23). While a successful 
SPLT plot indicates proper geometric modeling of the struc-
ture, it certainly does not guarantee the correct overall 
modeling of a structure. For this reason, it is mandatory 
that the model be subjected to loadings to examine how it 
responds compared to non-finite element solutions. 
Two test loads were applied to each of the three 
SAPIV models to compare with manual computations. The 
first was a "knife-edge'' load of 100 kips applied verti-
cally downward to the slab at the midspan of each of the 
six girders. The second was a uniform pressure of 0.000906 
ksi applied vertically downward on the entire slab surface .. 
This numeric value was chosen to correspond to a uniform 
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line load of 6 kips per linear foot of bridge (or l kip per 
linear foot of girder) for comparable manual calculations. 
The test loading results were very acceptable for 
all three bridge spans. The reactions at the bearing sup~ 
ports were reviewed for all SAPIV models to ensure that the 
results were symmetrical and logical. For all test loads 
on all models, this was the case. 
The deflection and stress at representative 
points on the girder and slab of the SAPIV model were ex-
amined. These deflections and stresses were compared to 
calculations based on standard one-dimensional composite 
beam theory. These manual calculations had to account for 
the nonprismatic nature of the composite girders. The com-
parisons were acceptable for all of the bridge models. 
Table 2 compares the results using the SAPIV model and com-
posite beam theory of the 100 foot bridge with the uniform 
load. All of the other models give similar results. The 
reader is cautioned from putting too much weight on the ac-
curacy of the manual ·calculations. While compoiite beam 
theory has been shown to yield acceptable engineering 
rest.~ts for simple loads on simple structures, there is no ft . 
reas~n to assume that this theory is more accurate than a 
properly modeled bridge using finite element analysis. The 
sole reason for presenting the results is to demonstrate 
the co~patibility of the SAPIV results·with non-finite ele-
ment method results. 
Because of the cl6se results between the .two· in-
dependent analysis methods for these simple loads, it was 
concluded that the SAPIV model appears to adequately repre-
sent the real structure as far as overall behavior and 
major component response. 
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2.2.5. Model Summary and Conventions. 
Table 1 is a summary of the number and types of 
elements used in the three bridge models together with some 
modeling statistics. Before proceeding with the discus-
sion, some useful conventions and nomenclature will be 
listed for use throughout the remaining discussion of the 
Phase I procedures and results: 
1. The x, y, and z coordinate axes are oriented 
in the longitudinal, vertical, and transverse directions as 
seen in Fig. 5. The origin of the coordinate system is at 
the mid-height of the slab, directly above the edge girder 
(not at the edge of the slab). 
2. The six parallel girders will be referred to 
as Gl through G6. Gl lies in the plane defined by z=O"; G6 
in the plane defined by z=470". 
3. The symbol "L" will refer to the span of a 
specific model. Hence, L equals 1200 inches, 1680 inches, 
and 2160 inches for the three bridge spans respectively. 
4. The bridge "centerline" refers to the plane 
defined by z=235"; that is, the plane parallel and midway 
between the webs of G3 and G4. 
5. The bridge "midspan" will refer to a plane 
defined by x=L/2. 
6. In some discussions the bridge will be 
referenced from the perspective of a viewer standing in the 
plane defined by x=O and looking toward the other end of 
the bridge (defined by the plane x=L). As such, the "near" 
end will be defined by the line x=O, and the "far" end by 
the line x=L. The "left" edge of the bridge will be the 
edge nearest and parallel to Gl; the "right" edge of the 
bridge will be the edge nearest and parallel to G6. 
7. To avoid confusion and to provide the most 
general results of use to bridge engineers, all live loads 
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will be applied without impact factor. That is, all 
vehicle loads will be applied as static loads with no con-
sideration for dynamic effects. Since an accepted manner 
of incorporating the impact effect at a given location is 
by multiplying the live load by a constant which is a func-
tion of span (see paragraph 3.8.2.1 of Ref. 3), this can be 
accomplished easily by the reader wishing to include these 
effects. 
8. This study uses analytic models to predict 
the response of actual multigirder bridge superstructures. 
The source of most of the results contained in this report 
will be these analytic models, and not experiments on ac-
tual bridges. As such, the use of the words "bridge", 
"model", "superstructure", and "structure" are synonymous 
within the context of this report. Exceptions to this word 
usage will be clearly identified in the report narrative. 
2.3. Damaae States. 
2.3 _1verview. 
In Phase I of the research, four different damage 
states were investigated. In each of the four cases the 
damage was invoked at the midspan of G6. The midspan was 
chosen since it represents the location of the maximum dead 
load moment, as well as being close to (or at) the location 
of the maximum live load moment. To maximize the effects 
of damage, an edge girder was selected since it has fewer 
neighboring girders to "share" the effects of damage. 
Damaging the edge girder also maximizes the transverse 
damage effects. These transverse effects can be con-
siderable, as will be seen in the next chapter. As will be 
discussed in section 2.4, the live load is positioned to 
20 
create the maximum effects at the location of this damage. 
In this section of the report, the procedure for modeling 
the various damage states will be discussed. 
The four different structural states investigated 
in this phase of the research include: 
l. The undamaged or intact structure. 
2. The structure with a simulated lower flange 
fracture at the midspan of the exterior girder. 
3. The structure with a simulated lower flange 
fracture and half web depth crack at the midspan of the ex-
terior girder. 
4. The structure with a simulated lower flange 
fracture and full web depth fracture at the midspan of the 
exterior girder. 
It is important to note that this study does not 
include crack tip stresses and fatigue crack propagation. 
For example, in this Phase I study of the girder with a 
severed lower flange, there would certainly be stress con-
centrations and crack penetration. This study does not ex-
amine this. In a sense, this work "freezes" the damage and 
conducts the analysis of the structure in this "frozen" 
state. 
As previously stated, duplicate nodes were lo-
cated in the vicinity of G6 at each transverse nodal pat-
tern to help model the damage conditions listed above. 
These duplicate nodes were assigned the exact same coor-
dinate position as other nodal points. However, the dupli-
cate nodes were created in anticipation of modeling a given 
damage state. When the model is intact, the duplicate 
nodes have no function and their degrees-of-freedom are to-
tally restrained. 
21 
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Fig. 7 is a representation of a small portion of 
the model of G6 in the vicinity of the midspan. The line 
defined by nodes 472, 473, and 474 is in the midspan plane. 
The line defined by nodes 442, 472, and 502 is at the level 
of the upper girder flange which coincides with the mid-
thickness of the concrete slab. Nodes 444, 474, and 504 
are at the level of the lower girder flange; nodes 443, 
473, and 503 define the midheight of the girder web. The 
parenthetical numbers show duplicate nodes, i.e. nodes 
which have the same coordinate position as active nodes. 
Hence, node 478 has the exact same coordinate position as 
node 473; nodes 479 and 480 have the same coordinate posi-
tion as node 474. 
The bridge is modeled by placing discrete ele-
ments between node points. Some of the elements located in 
the vicinity of the G6 midspan are depicted in Fig. 7. 
These elements are identified by the "boxed in'' alphabeti-
cal symbols for easy reference. Elements UFA and UFB 
depict the two truss elements representing the upper girder 
flange on each side of the G6 midspan; LFA and LFB are the 
two beam elements representing the lower girder flange 
neighboring the G6 midspan. UWA, UWB, LWA, and LWB are the 
four p~ate bending elements defining the girder web ad-
jacent to the G6 midspan. 
For the intact bridge model, the truss, beam, and 
plate bending elements are connected to the non-
parenthetical nodes shown in Fig. 7. For example, plate 
bending element LWA is defined by the nodes 443-473-474-
444; beam element LFB: defined by the nodes 474-504. For 
the intact model, the duplicate nodes (478, 479, and 480) 
are not connected to any element on the structure; and 
their degrees-of-freedom are fixed. 
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2.3.2. Modeling the Girder for Different Levels -~f Damage. 
The degrees-of-freedom of nodes 479 and 480 were 
activated for the modeling of a lower flange fracture at 
the midspan of G6. Node 478 remains inactive for this 
state of damage. Note that the original coordinate posi-
tion of these two nodes is the same as node 474. The lower 
flange fracture was modeled by connecting element LFA from 
node 444 to node 479; and element LFB from node 480 to node 
504. Elements LWA and LWB were defined in the exact same 
manner as they were defined for the intact structure, i.e., 
by nodes 443-473-474-444 and 473-503-504-474 respectively. 
Hence, a discontinuity was forced at the previous junction 
between elements LFA and LFB, simulating a lower flange 
fracture in the gircer. 
Modeling a half web depth crack only requires the 
activation of the degrees-of-freedom of node 479. Dupli-
cate nodes 478 and 480 remain inactive and unused for this 
analysis. Plate bending element LWA is defined by nodes 
443-473-474-444; and its adjacent lower flange by nodes 
444-474. Plate bencing element LWB is defined by nodes 
473-503-504-480; and its adjacent lower flange by nodes 
480-504. Hence, full continuity is maintained between the 
lower web and its adjacent lower flange; yet the continuity 
is broken between the lower web/flange elements on either 
side of the midspan. 
Duplicate nodes 478 and 479 are needed for the 
modeling of a full web depth fracture: node 480 remains in-
active and unused for this analysis. On the near side )f 
the midspan on G6, plate bending element UWA is defined by 
nodes 442-472-473-443; LWA defined by nodes 443-473-474-
444; and the lower flange by nodes 444-474. On the far 
side of the midspan of G6, plate bending element UWB is 
defined by nodes 472-502-503-478: element LWB by nodes 478~ 
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503-504-479; and the lower flange by nodes 479-504. Hence, 
even though the uooer flange maintains its full continuity 
over it~ full length and with its adjacent web elements, 
the continuity is broken between all web and lower flange 
elements on either side of the midspan of G6. 
2.3.3. Damaae State Nomenclature. 
Many of the tables and figures to be presented in 
subsequent sections of this paper will refer to the dif-
ferent damage states described above. The abbreviations to 
be used for the damage states will be as follows: 
1. "IN"--- the undamaged or intact structure. 
2. "FL"--- the structure with a simulated lower 
flange fracture at the midspan of G6. 
3. "WB"--- the structure with a simulated lower 
flange fracture and half web depth crack at the midspan of 
G6. 
4. "WW"--- the structure with a simulated lower 
flange fracture and full web depth fracture at the midspan 
of GC , 
2.4. Loads. 
2.4.1. General. 
Each bridge was subjected to seven different 
loads. The load cases were the HS20-44 design vehicle, a 
4-axle 128-kip dolly load, a Pennsylvania Department of 
Transportation 8-axle .· '4-kip permit vehicle, the 
structure's dead weight, and dead load plus the indicated 
live loads. The seven load cases will often be referenced 
by the following load case numbers and abbreviations_: 
1. Load Case #1 (LCl): HS20-44 vehicle without 
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dead load. 
2. Load Case #2 (LC2): 128-kip Dolly vehicle 
without dead load. 
3. Load Case #3 (LC3): 204-kip PennDOT Permit 
vehicle without dead load. 
4. Load Case #4 (LC4): HS20-44 vehicle with 
dead load. 
5. Load Case #5 (LC5): 128-kip Dolly vehicle 
with dead load. 
6. Load Case #6 (LC6): 204-kip PennDOT Permit 
vehicle with dead load. 
7. Load Case #7 (LC7): Dead load alone. 
The assumed axle loads and axle spacing for each 
of the live loads are depicted in Fig. 8. Each axle load 
is assumed to be equally divided between wheel loads which 
are 6 feet apart. 
Not only do these live loads differ in their 
gross weights, they also have significant differences in 
their longitudinal load distributions. While the 204-kip 
PennDOT Permit vehicle is almost three times as heavy as 
the HS20-44 vehicle, it is distributed over about twice the 
area. In contrast, two 128-kip Dolly loads can fit within 
the footp~int of a single HS20-44 vehicle. As such, these 
three vehicles represent an excellent range of vehicles in 
both weight and dimensions. It is hoped that most vehicles 
crossing pighways today will fit within the range of 
vehicles used in this study. 
2.4.2. Longitudinal Placement of the Live Loads. 
As stated in Chapter 1, the purpose of this re-
search is not to design multigirder bridges in accordance 
with accepted bridge engineering practice. This research 
presupposes the presence of extensive damage at a critical 
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location (the midspan of an edge girder), and seeks to 
study the worst effects of realistic live loads on the 
structure's response. As such, the research does not in-
clude detailed calculations of influence lines and surfaces 
as in normal bridge design. The author used engineering 
judgment in determining the ideal live load location to en-
sure the worst practical effects in the vicinity of the an-
ticipated damage location. 
The maximum live load moment for a simple span 
loaded with a single vehicle is achieved by bisecting the 
line joining the vehicle's center of gravity and the axle 
nearest the center of gravity, with the midspan of the 
bridge. When doing this, the maximum moment occurs under 
the axle nearest the center of gravity. However, for this 
research it is desirable to have the maximum moment occur 
at the damage location, i.e., the midspan. The midspan is 
also the location of the maximum dead load moment for a 
simple span with uniform dead load. Hence, all live loads 
were positioned longitudinally so that the maximum moment 
occL j at the midspan. This was accomplished by placing 
the nearest the center of gravity over the midspan. 
2.4.3. Transverse Placement of the Load. 
Determining the optimal transverse location of 
the live load is not as straightforward as the longitudinal 
placement. The exact transverse distribution of live load 
is uncertain. A short study was conducted to produce 
limited analytic data concerning this topic (Ref. 52). 
In this study, the SAPIV program was used to 
determine the response of an intact multigirder bridge to 
eight different transverse positions of an HS20-44 vehicle 
load. These positions varied from being close to the 
bridge's curb to being symmetrical about the bridge's cen-· 
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terline. The longitudinal position of all eight loads were 
as described in the previous section. For each of the load 
positions, the maximum deflection and maximum lower flange 
stress was examined of each of the six parallel girders. 
This limited study showed that the maximum deflection and 
girder stress were achieved by placing the live load as 
close to the edge of the bridge as possible. As expected, 
the maximum absolute effects were created at G6, the edge 
girder. 
This limited study confirmed what engineering 
judgment would expect. Hence, for the purpose of this 
study all live loads were positioned transversely so that 
they were as close to the bridge's edge as practically pos-
sible. The vehicle's outside wheels were positionec 24 
inches from the edge of the lane width in accordance with 
current practice (Re:. 3). Since the curb of the bridge is 
12 inches wide, this meant that the vehicle's outside 
wheels were place 36 inches from the edge of the model. 
The author considered this to be the closest practical 
position of the vehicle to the outside edge of the bridge. 
Figs. 9, 10, and 11 are plan views of the 100 
foot bridge model with HS20-44 vehicle, 128-kip Dolly 
vehicle, and 204-kip PennDOT Permit vehicle loads respec-
tively. The figures are generally to scale based on the 
coordinate axes shown. The six girder lines are iden-
tified, together with the position of the live load based 
upon the Biscussion of this section. In all cases, the 
vehicle's outside wheels are slightly to the outside oi G6 
and the vehicle's inside wheels are between GS and G6. The 
large differences between the axle spacing for the three 
live loads is portrayed very dramatically in these three 
figures. 
In summary, the live loads are positioned so that 
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the maximum midspan response is achieved in the vicinity of 
the anticipated damage. The vehicles are assumed to be 
oriented with their front axles closest to the bridge's far 
edge (x=L), their rear axles closest to the near edge 
(x=O). The damaged girder is G6; the live load is posi-
tioned as close as practically possible to the edge ad-
jacent to G6. The wheel loads which are not located 
directly over a nodal point were applied in an equivalent 
static manner to the neighboring nodal points. 
2.5. Support Conditions. 
2.5.1. Overview. 
Consideration of the realistic analytical model-
ing of support conditions to represent the actual physical 
situation is often ignored in engineering practice. For 
elementary analyses, civil engineers often idealize simple 
spans as one dimensional structures with length and certain 
cross sectional properties. The one dimensional beam's ex-
ternal load and support reactions are assumed to be at the 
centroid of the section. For simple spans, a one dimen-
sional beam model normally assumes translational restraints 
in the vertical direction at both ends of the beam, and 
translational restraint in the longitudinal direction at 
one end. These restraints are assumed to be at the cross 
section's centroid. If only vertical external loads are 
applied to the beam, the longitudinal reaction at the one 
end of a simple span is zero by overall equilibrium con-
siderations. Engineeib have found that these idealizations 
yield acceptable results for many engineering problems. 
However, the actual three dimensional situation 
is very different from this one dimensional idealization. 
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Figure 12 shows the bearing details of typical multigirder 
bridge extracted from Ref. 13. The bridge's actual 
restraints are not located at the section's centroid, but 
at the outer surface of the lower girder flange. The 
bridge is designed with a fixed bearing at one end of all 
six girders; an expansion bearing at the other end of all 
girders. 
From Fig. 12 it is obvious that both the fixed 
and expansion supports restrain the lower flange of the 
girder from translating vertically. In addition, the fixed 
bearing support is designed to restrain the lower flange 
from translating longitudinally; the expansion support is 
designed to allow a limited amount of longitudinal transla-
tion. For both fixed and expansion supports, translation 
in the transverse direction is restrained. 
Even though a typical multigirder bridge is 
designed for the bearing details shown in Fig. 12, the 
physical situation at the bridge site is often extremely 
different. The effects of age, weather, and workmanship 
often create conditions far different from the design. It 
is common to find expansion supports which have become 
"frozen" due to rust, deterioration, or poor maintenance. 
Fixed supports can slip from their anchors and become un-
restrained in the longitudinal direction, especially in a 
bridge with severe damage. Hence, it is conceivable that 
fixed supports become expansion supports and vice versa 
during normal operation. 
This research attempts to capture the complex· na-
ture of the three dimensional response of intact and 
damaged multigirder bridges with loads that are unsymmetri-
cal in both the longitudinal and transverse directions. To 
accomplish this, the three bridge models must take the ac-
tual bridge support into consideration. The support as-
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sumptions of simple beam theory are not adequate. 
As stated previous~y, three boundary elements 
have been positioned at both ends of all six girders. 
These boundary elements allow all ends of all girders to be 
restrained from translation in the vertical (y), lon-
gitudinal (x), and transverse (z) directions. These 
restraints are located at the lower gitder flange to 
properly duplicate their actual physical location on the 
structure. These boundary elements can be used or 
"deactivated" depending upon the type of support condition 
the user wishes to simulate. This research will study the 
three different combinations of support conditions detailed 
in the following sections. 
2.5.2. Expansioh Supports at Both Ends. 
The one dimensional model of a simple beam under 
vertical loading develops no support reactions in the lon-
gitudinal direction. This is the analytical model often 
used by bridge e~girieers in their initial design phase. It 
1s a~~- the model of the design bridge if the fixed sup-
It 
ports ::ave slipped off their anchots. 
Hence, one of the models investigated will be the 
bridge with minimal longitudinal restraint. Of the tw~lve 
boundary elements oriented in the longitudinal direction at 
the two ends of the six girders, only one will.be ac-
tivated. Under the vertical dead and live loads, this sole 
longitudinal reaction will always have a zero value. Its 
only purpose is to prevent a mathematical singularity in 
the global stiffne~s f: .. mulation of the structure. All 
vertical and transverse boundary elements will be 
activat~d; that is, the bridge will be iestr~ined from 
translating vertically and transversely at both.ends of all 
six girders. 
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Intuitively, the bridge engineer would expect 
that these boundary conditions would allow the largest 
amount of longitudinal bending and, hence, maximize the 
normal stress in the longitudinal direction. This was a 
prime motivation behind using this support condition. The 
validity of this intuitive feel was investigated in the 
next chapter. 
2.5.3. Mixed Boundary Conditions. 
A second support condition investigated was the 
one dictated by the design as viewed in Fig. 12. All six 
girders will have expansion supports at the level of the 
lower flange at their near end, and fixed supports at their 
far end. Those boundary elements oriented in the lon-
gitudinal direction at the near end of the bridge are 
deactivated; all other boundary elements are activated. 
2.5.4. F:xed Suooorts at Both Ends. 
The last support condition to be investigated 
will have longitudinal translation restrained at both ends 
of all six girders. This could occur if the designed ex-
pansion supports became "frozen" as previously discussed. 
This is the highest degree of restraint of all three sup-
port conditions investigated. All 36 boundary elements are 
activated in this model. 
2.5.5. Terminology. 
In summary, three different support conditions 
will be investigated in thi~ study. In all three cases, 
both ends of the steel girders are restrained from transla-
tion in the vertical and transverse direction. The amount 
of longitudinal restraint differs in the three cases. All 
restraints are applied at the level of the lower flange of-
31 
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the steel girders. 
In future graphs and discussion, the three sup-
port cases will often be referenced by the following terms 
and abbreviations: 
1. Expansion-expansion (EE): as described in 
section 2.5.2. 
2. Expansion-fixed (EF): as described in sec-
tion 2.5.3. 
3. Fixed-fixed (FF): as described in section 
2.5.4. 
The reader is warned against confusing the use of 
the word "fixed" in this work with the common use of 
"fixed" in one dimensional beam theory. In beam theory, 
the word often applies to a rotational restraint about the 
major bending axis. For this research, no explicit rota-
tional constraints were imposed on the ends of the girders. 
In this study, "fixed" assumes the common bridge engineer-
ing definition described previously and depicted in Fig. 
12. 
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3. PARAMETRIC STUDY OF MULTIGIRDER BRIDGES USING LINEAR 
ELASTIC ANALYSIS. 
3.1. Introduction. 
3.1.1. Overview of the Parametric Study. 
The previous chapter described the modeling of 
three multigirder bridge models for linear elastic damage 
analysis. Details were provided on how the model was 
developed, tested, loaded, and supported. The techpical 
aspects of how various levels of damage were modeled were 
described. In addition, various conventions and terminol-
ogy to be used in this chapter were itemized. 
This chapter provides the results of the many 
different finite element analyses conducted using these 
three bridge models. The underlying goal of these analyses 
was to qualitatively and quantitatively describe how the 
performance of multigirder bridges is effected by extensive 
damage to a critical structural component. In order to 
pursue this primary goal, the study examined these sig-
nificant parameters effecting intact and damaged multigir-
der bridge response: 
1. The effect of varying the live load type. 
2. The effect of varying span length. 
3. The effect of intermediate levels of damage. 
4. The effect of varying the support conditions. 
This chapter initially examines the major 
response changes when an intact multigirder bridge becomes 
severely damaged at a critical location. It will then 
proceed to detail the results of evaluating the four 
parameters itemized above. 
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3.1.2. Data Gathering Procedure. 
The finite element analyses were conducted using 
program SAPIV on a CYBER 850 computer running the NOS Ver-
sion 2.4.3 operating system. The smallest bridge model has 
974 nodes, 1387 elements, and 4309 degrees of freedom. 
When the program was modified to increase the COMMON block 
size up to a practical limit such that the computer runs 
were not in deferred mode, a single run required about 250 
CPU seconds. Due to the large size of the model and the 
number of load cases; voluminous output resulted for each 
unique structural configuration. For example, the output 
file for the intact 100 foot bridge with expansion-
expansion supports is 552 pages long. Twenty four output 
files of this length had to be produced and analyzed to 
gather the data for this chapter. 
"Postprocessing" programs were developed to ex-
pedite the data reduction and to strip the "nonessential" 
data from the output files. This postprocessing program 
also converted element forces and moments into normal and 
shear stresses based on the elements' geometry. The 
select, but still extensive, data was imported into 
LOTUS 1-2-3 (Ref. 34) spreadsheets. These spreadsheets 
permitted the tabular and graphical display of the results. 
Through inspection of the tables and graphs it became pos-
sible to identify the trends in the structural response. 
This approach permitted selection of specific data from the 
output for further study. Without the use of this ap-
proach, making sense of the reams of printout would have 
been an extremely tim~ ·onsuming and error prone task. 
3.1.3. Primary Items of Interest. 
Engineering judgment was used to determine what 
portions of the voluminous output data were of greatest use 
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to bridge enginee~s. Only by limiting the items of inter-
est could a digestible report be produced. 
It was felt that the following analysis items 
would be of the most use to bridge engineers in understand-
ing intact and damaged multigirder bridge response: 
1. The deflection profile. Deflection profiles 
were developed for many simulated longitudinal and 
transverse cuts of the structure. These deflection 
profiles were based on vertical displacements at the upper 
(or slab) level nodal points. By doing this, more data 
points could be generated for transverse cuts of the struc-
ture. These profiles are important to bridge engineers 
since they give the best "feel" for how the structure 
physically moves in response to a given structural and 
loading configuration. 
2. The normal stress in the lower girder flange. 
The lower girder flange stress was monitored at multiple 
locations on all six steel girders. The girders are the 
primary longitudinal transmitters of load to the supports. 
High tensile stresses develop in the lower flange of multi-
girder bridges which serves as a prime area of interest for 
bridge engineers. 
3. Normal stress in the slab in the longitudinal 
directions. The slab carries compressive stresses result-
ing from the major axis bending of the composite beam of an 
intact simple span bridge. However, if a steel girder were 
to suffer severe damage, the slab adjacent to the damaged 
girder carries the high tensile stresses normally devel,ped 
in the steel girder. nee, this study monitored normal 
stresses in the slab in the longitudinal direction at the 
lower slab surface. The lower slab surface was selected 
for monitoring as a probable location of high tensile 
stresses for the damaged structure. It was felt that these 
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stresses were of more importance to bridge engineers than 
the high compressive concrete stresses likely to occur in 
the top surface of the slab. 
4. Normal stress in the slab in the transverse 
direction. Due to the unsymmetrical live load location, 
tensile stresses were expected in the upper slab surface in 
the transverse direction. These stresses were expected to 
be amplified after damage occurred at the midspan of an 
edge girder and, therefore, would be of interest to bridge 
engineers. 
5. Cross bracing stresses. Cross bracing 
stresses are often ignored in analytic bridge studies. 
However·, it was felt that these secondary members might 
play a significant role in the redistribution of the load 
once damage was invoked. These stresses were monitored to 
get some perspective of their contribution in load 
redistribution. 
6. Support reactions. A significant portion of 
the Phase I study dealt with the effect of various support 
conditions on the response of intact and damaged multigir-
der bridges. Quantifying the reaction forces at each sup-
port is critical in understanding how support conditions 
effect the overall bridge response. 
In future sections of this report, the author 
will qualitatively and quantitatively describe the response 
of multigirder bridges to various parameters. Most of the 
data cited in this report is derived from the analysis of 
graphical data generated from the finite element runs. 
When appropriate, the , thor will reference the graphical 
basis for the data being presented by citing a graph number 
either explicitly in the narrative or as a parenthetical 
remark immediately following the referenced data. 
The reader is reminded that the data for this 
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section is based upon a linear elastic finite element 
model. It is obvious in several cases that the response 
will propel the structure into the region of nonlinear 
response as a result of the probable cracking/crushing of 
the concrete slab and failure of cross-bracing members. 
Hence, some of the results must be interpreted more 
qualitatively than quantitatively. 
3.1.4. AASHTO Allowable Stresses. 
The results in the subsequent sections are 
presented with only infrequent comparisons to the allowable 
stresses based upon current specifications. This is done 
intentionally to allow bridge engineers to use the results 
in an absolute sense without the possible confusion intro-
duced by varying factors of safety. However, as a frame of 
reference, the following allowable stresses extracted from 
the current bridge specification (Ref. 1) should be kept in 
mind as the results are reviewed: 
1. The allowable stresses based upon AASHTO 
"inventory rating" loads (i.e. normal design loads) are: 
a. 20 ksi for a tension member fabricated 
with A36 steel. 
b. 20 ksi for the extreme fiber tension in 
an A36 girder. 
c. 20 ksi for the extreme compression in an 
A36 girder when the compression flange is fully embedded in 
concrete. 
2. For bridge rating, AASHTO makes provisions for 
heavier than normal loads governed by special permits (Ref. 
1). These loads are referred to as the "operating rating" 
loads. For structures loaded with "operating loads", 
AASHTO permits the allowable stresses to be up to 35% 
higher than the "inventory rating" allowable stresses. 
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Since the 128-kip Dolly vehicle and 204-kip PennDOT Permit 
vehicle loads are generally considered to be permit-type 
loads, they can take advantage of the "operating rating" 
provisions of AASHTO. Specifically, the allowable stresses 
based upon the AASHTO "operating rating" loads is increased 
from 20 ksi to 27 ksi for the three cases previously 
specified. 
3. The AASHTO allowable stress of compression 
members must also consider stability of the member. No 
single allowable stress can be stated for this type of mem-
ber. The allowable stress for specific compression members 
will be addressed later in this report. 
3.2. The Response of a Multigirder Bridge to a Full Web 
Depth Fracture. 
3.2.1. Overview. 
In this section, the study will examine the over-
all 1ges in the response of a multigirder bridge before 
anc r damage occurs. The words "damaged", "fractured", 
or ··---.:.2ked" in this section refers to the most severe 
damage state previously discussed in Chapter 2. That is, 
the imposed damage will consist of severing the bottom 
flange and the full web of the exterior girder (G6) at its 
midspan. While it is expected that rarely would such a 
fracture ever develop without being noticed, this condition 
serves as a useful upper bound. If the bridge can survive 
such serious damage, it can be assumed that lesser damage 
to a main girder will not cause the immediate collapse of 
the superstructure. 
Since the presence and absence of damage is the 
main parameter to be studied in this section; all other 
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parameters will be kept constant. The basic bridge of in-
terest in this section will be a 100 foot span with 
expansion-expansion supports, and HS20-44 vehicle loading. 
3.2.2. Vertical Deflection. 
Vertical deflection profiles of each of the main 
girder of the 100 foot bridge with intact and fractured 
girder are shown in Figs. 13 and 14, respectively. The 
location along the bridge's longitudinal (x) axis has been 
normalized with respect to the span length. The midspan 
live load deflection of the exterior girder almost doubles 
(93% increase) when damaged. Therefore, the apparent 
damaged stiffness is about half of the intact stiffness. 
The fractured girder's deflection profile is similar to two 
straight lines intersecting at the midspan. Its apparent 
discontinuous slope at its midpoint is similar to the 
profile characteristic of an internally hinged beam. In 
contrast, the curvature of the displacement profile of the 
interior girders is quite smooth, indicating the major con-
tribution of the bridge deck in the lateral distribution of 
live loading. 
Figs. 13 and 14 clearly show the upward deflec-
tion of the girders farthest from the vehicle resulting 
from the live load. There is much less change in the 
remote girders as a consequence of damage. For G3, G4, and 
G5, the increases in midspan deflection were 38%, 55%, and 
. 
68% respectively. 
The deflection profile along transverse cuts of 
the bridge at one-third span and midspan confirm these same 
points (Figs. 15 and 16). These transverse profiles show 
the large transverse curvature in the vicinity of the cen-
terline of the bridge and near the edge of the bridge. 
The total load results (live load plus dead load) 
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show the same general patterns, except that the girder up-
ward deflections are harder to discern (Figs. 17, 18, 19, 
and 20). Under dead and live load, the maximum deflection 
of G6 increase by about 85% (almost doubles) after damage 
occurs. This is slightly less that the percentage increase 
(93%) when only live load is considered. 
Under dead load alone, the maximum deflection of 
the edge girder increases about 80% as a result of damage. 
Also, there is an upward deflection of Gl and G2 as a 
result of damage alone (and not as a result of live load). 
Specifically, there is a deflection decrease of 12% and 4% 
in Gl and G2 respectively. 
3.2.3. Lower Flanae Stress. 
In Figs. 21 and 22 the variation of the lower 
(tension) flange stress can be seen for the six girders of 
the 100 foot multigirder bridge for both the intact and 
damaged configurations. The four locations of sudden 
stress change are due to the change in the cross sectional 
properties of the nonprismatic girders. 
The maximum live load stress in the exterior gir-
der (G6) is reduced from 4.2 ksi (at midspan) to about 2.0 
ksi (at quarter-span) after fracturing. As expected, there 
is a dramatic rise (from 2.8 ksi to 5.8 ksi) in the maximum 
stress of the first interior girdet next to the fractured 
girder during the same process. It is evident that the loss 
of stiffness in the exterior girder results in about a 40% 
increase in the maximum stress in the structure. The live 
load stress in G5 more than doubles (increases 105%) when 
damaged. Figs. 21 and 22 clearly show the load distribu-
tion mechanism. The large moments originally carried by 
the exterior girder are shifted to the adjacent girder. 
The pronounced redistribution of the live load is obvious. 
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These live load stresses in G5 increase its susceptibility 
to fatigue problems, especially at locations of cover plate 
end welds and the welds attaching intermediate stiffeners. 
If one includes total (dead plus live) load ef-
fects, there is a decrease in the lower flange stress in Gl 
and G2, unchanged stress in G3, minor increase in G4, and 
large (80%) increase in G5 after damage occurs (Figs. 23 
and 24). If dead load effects are considered only, the 
maximum stress in G5 increases by about 72% when G6 is 
damaged. Correspondingly, there is a 15% decrease in the 
maximum stress in Gl as a result of damage in G6. Again, 
the damage causes an upward deflection at the remote gir-
ders, independent of the live load. 
3.2.4. Normal Slab Stress in the Longitudinal Direction. 
Figs. 25 through 32 show the normal stresses 
(membrane plus bending stresses) at the bottom of the deck 
slab in the direction parallel to the girders. Figures are 
not included for the slab stress in the vicinity of Gl and 
G2. Neither of these girders have lower slab live load 
stresses exceeding 20 ~ while either intact or damaged. 
For the intact structure, the stresses away from 
the damage have a smooth parabolic shape (Figs. 25 and 26). 
After fracturing these stresses only increase by about 30%; 
in no case exceeding 100 psi. 
Near the loaded area there is a big jump in the 
longitudinal slab stresses after damage. For example, max-
imum live load stress changes from 100 psi in compression 
to 600 psi in tension ~ar G6. This indicates that there 
will be cracks perpend1cular to the girders at midspan near 
the damage (Figs. 27 and 28). From Figs. 25 through 28, 
it can be seen that damage to the structure has significant 
effects only in the middle quarter of the slab, and to the· 
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damaged side of the centerline. 
Unlike the previous observations concerning ver-
tical deflection and lower flange stress in sections 3.2.1 
and 3.2.2, the effect of damage can be considerably more 
than 100%. In the near vicinity of the damage (within an 
approximate 10 foot radius), there is a drastic change in 
both the magnitude and direction of the stress. Outside 
this radial area, change in stress as a result of damage 
stays below 100%. 
Adding dead load stresses does not change these 
trends. The major difference is the increase of the maxi-
mum tensile stress to 1700 psi in the vicinity of damage, 
indicating major cracking problems (Figs. 29, 30, 31 and 
3 2 ) • 
3.2.5. Normal Slab Stress in the Transverse Direction. 
Figs. 33 through 35 show the ~ fiber live load 
slab stresses in the direction perpendicular to the gir-
ders. These figures show the stress along transverse lines 
at various distances along the bridge span. 
Even at locations away from the loaded and frac-
tured area, the effects of the damage can be noted (Fig. 
33). However, the magnitude of the live load stresses are 
very low even at about one-third of the span, never exceed-
ing 100 psi (C) or (T) (Fig. 34). 
These stresses grow considerably as the loaded 
and fractured area is approached. Near midspan there is an 
almost five-fold increase in the live load tensile stress 
for the damaged bridge' ,Fig. 35). Dead load further in-
creases the peak stresses, indicating that cracks will cer-
tainly develop in the slab parallel to the girders (Figs. 
36, 37, and 38). At midspan, these cracks are most likely 
to occur in the top surface between G4 and G5, and at the 
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bottom surface near G6. 
3.2.6. Cross Bracing Stresses. 
Whether intact or damaged, the highest cross-
bracing stresses are located across the midspan of the 100 
foot multigirder bridge with expansion-expansion supports. 
The members discussed below are located along the 
transverse line across the midspan of the model. The data 
used in this subsection of the report is based upon the 
tabulated data of Table 3. In Table 3 and 4, "TYPE" refers 
to whether the member is a diagonal ("/" or "\") or 
horizontal ("-") cross-bracing member. As a means of com-
paring this data with accepted allowable stress levels used 
in bridge engineering practice, the following was computed 
in accordance with Ref. 1: 
1. The allowable comoressive stress based upon 
the AASHTO inventory rating (i.e. normal traffic) is ap-
proximately 8.1 ksi and 12.9 ksi for the horizontal and 
diagonal cross-bracing members respectively. These maximum 
allowable compressive stresses incorporate a factor of 
safetj of 2.12. 
2. The maximum allowable tensile stress for 
either a horizontal cross-bracing member or a diagonal 
cross-bracing member is 20.0 ksi. 
The live load stress (LCl) for the intact struc-
ture is small in all members; the largest value being 3.43 
ksi (compression) in the horizontal cross-bracing member 
between G3 and G4. The maximum total (live load plus dead; 
LC4) stress in any member for the intact structure is 5.16 
ksi (compression), also in the horizontal cross-bracing 
member between G3 and G4. 
If only live load effects were considered, the 
only members to exceed their allowable stress for the 
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damaged bridge would be the horizontal cross-bracing mem-
bers between G3 and G4, and between G4 and G5. With live 
load effects only, the allowable stress was exceeded only 
by 14.6% and 31.4% for these two members respectively. 
The total (live plus dead) load situation must be 
I 
examined since the AASHTO allowable stresses are not 
sp~cified for live load only. After damage, all of the 
midspan horizontal cross-bracing members between girders 2 
and 6 exceed the AASHTO allowable compressive stress based 
upon total (live plus dead load; LC4) stress. The largest 
value in these members is 29.2 ksi (compression) in the 
member between G4 atid G5. This exceeds the allowable 
stress by 259% and the buckling strength of the member; and 
is a 572·%· increase over the intact stress in this same mem-
ber. The. effect of damage is obviously very severe for the 
cross framing members. 
The largest total stress (LC4) for diagonal 
cross-bracing members in the damaged structure is between 
G5 and G6. These two diagonals have total str~sses of·29.2 
ksi 1compression) and 21.45 k~i (tension) respectively; ex-
ceedi;; their allowable values for compressive and tensile 
t.· 
stress by 127% and 7.3% respectively. The only other 
diagonal cross-bracing member in the damaged structure ex-
ceeding its allowable compressive stress is located between 
G3 and G4; having a 14.8 ksi total stress. It should be 
noted that the AASHTO allowable stresses are exceeded in 
several members on the damaged structure under dead load 
alone. This indicates the possibility of failure even when 
the bridge is closed to traffic. 
While the absolute stress levels in these secon-
dary members are of interest, they cannot be interpreted 
literally because of the probable onset of inelastic be-
havior~ The most significant fact is the great increase in 
44 
I 
.I. 
,. 
·I~ 
I 
J, 
I 
I 
I 
I 
I 
I 
,. 
I 
I 
I· 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
the cross bracing stresses after damage occurs. These 
cross bracing members play a significant role in the 
redistribution of the load to adjacent girders after the 
exterior girder is damaged. 
3.2.7. Reactions. 
This portion of the Phase I research assumes 
expansion-expansion type supports. As such, no lon-
gitudinal (x) reaction forces could develop as discussed in 
section 2.5.2. Th~ other reaction forces are discussed 
belov.'. 
3.2.7.1. Vertical Reactions. 
Fig. 39 depicts the vertical support reactions 
for the intact and damaged 100 foot multigirder bridges 
with expansion-expansion supports. This figure is not a 
true two dimensional curve in the same sense as the pre-
vious graphs shown. While the figure's vertical axis gives 
the magnitude of a specific support reaction: the horizon-
tal axis simply names the support number of the data point 
directly above it. The horizontal axis label are defined 
as fo~lows: the number refers to the girder which is 
restrained by the support; the letter refers to whether the 
given support is located on the near (x=O) or far (x=L) end 
of the girder. For example, "4F" refers to the support at 
the far (x=l200") end of the fourth girder (G~). A posi-
tive vert~cal reaction is directed in the positive y direc-
tion, i.e., upwards. 
As expected, the damage causes a decrease in ver-
tical reaction at G6, and corresponding increase at ad-
jacent girders. This is true whether or not dead load is 
included in the analysis (Figs. 39 and 40). As it has been 
seen previously, the live load causes uplift reactions near 
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the left edges (away from the damaged girder) of the 
bridge. However, any such uplift is more than compensated 
for by the weight of the structure, as seen in Fig. 40. 
3.2.7.2. Transverse Reactions. 
As discussed in section 2.5, for both fixed and 
expansion bearing supports, the bridge is assumed to be 
restrained in the transverse direction. These transverse 
restraints are located at both the near and far ends of all 
six girders. 
Figs. 41 and 42 depict the transverse 
(z direction) reactions on the multigirder bridge with 
expansion-expansion supports for live and total loads 
respectively. The sign convention deserves notice. A 
positive transverse reaction force is actually directed in 
the negative z direction. For example, Fig. 41 shows posi-
tive transverse reaction forces for the near and far ends 
of G6. This means that both of the G6 transverse reaction 
forces are directed toward the left end of the structure, 
i.e., towards Gl. 
The most important point to note at this time is 
that transverse reaction forces do exist, even though they 
are small. The most plausible physical rationale for their 
existence is to resist the transverse dishing action of the 
slab. This dishing resistance is due primarily to the 
positioning of the transverse restraint at the lower flange 
of the girder, well below the slab level. Of course, this 
is where these restraints are located on an actual multi-
girder bridge. 
Damage causes a decrease in reaction force at G6, 
and a corresponding increase at .the adjacent girders in the 
same manner noted for the vertical reactions (Figs. 39 and 
40). However, these transverse reactions are very small 
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for expansion-expansion type supports. The diaphragms and 
cross bracing at the bearing ends of the girders effec-
tively resist these small forces. 
3.3. The Effect of Live Load Type on the Response of Intact 
and Damaged Multigirder Bridges. 
3.3.1. Overview. 
The three live loads employed in this study are 
the HS20-44 vehicle, the 128-kip Dolly vehicle, and the 
204-kip PennDOT Permit vehicle. A full description of 
these three different load types has been given in section 
2.4 of this study. Type of vehicular load will be the main 
parameter varied in this portion of the Phase I study; all 
other parameters wi~l be kept constant. The basic multi-
girder bridge of interest will be a 100 foot span with 
expansion-expansion supports in either the intact or 
damaged state. "Damaged" , "fractured", or "cracked" again 
refers to the most severe damage state discussed in chapter 
2, i.e., severing the bottom flange and the full web of the 
exterior girder at its midspan. 
3.3.2. Vertical Deflections. 
Figs. 43 through 48 are live load deflection 
profiles from Gl through G6 respectively. The legends of 
these graphs use a new notation. The first letter in the 
legend refers to the load type ("H", "D", and "P" for t1e 
HS20-44 vehicle, 128-k · Dolly vehicle, and 204-kip PennDOT 
Permit vehicle loads respectively); the second letter 
refers to the damage state ("I" for intact/undamaged and 
"D" for damaged). These abbreviations will be used for 
multiple graph legends throughout this chapter. The readei 
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is also cautioned to pay particular attention to the verti-
cal scales used for each graph. While the vertical scales 
were chosen to emphasize the relative differences between 
curves; the absolute values are often very small. 
As shown in Fig. 43, 44, and 45, the live load 
deflections of Gl, G2, and G3 are small (less than 0.30 
inches) in all cases. Also, Gl and G2 deflect upwards for 
all three live loads on the intact or damaged bridge. 
The live load deflection of the other three gir-
ders vary significantly based upon load type. For example, 
the G4 and G5 deflection of the damaged structure with 
HS20-44 vehicle loading is less severe than the deflection 
profile of the intact structure with either the 128-kip 
Dolly vehicle or the 204-kip PennDOT Permit vehicle (Figs. 
46 and 47). For G6, the deflection of the damaged struc-
ture with HS20-44 vehicle is about the same as the intact 
structure with the 128-kip Dolly vehicle load (Fig. 48). 
Despite widely varying magnitudes, all load types cause the 
characteristic hinge-like profile in G6 when it is frac-
tured (Fig. 48). 
For all load types, there is almost a doubling of 
the maximum live load deflection (occurring at the midspan 
of the G6) as a result of damage. Specifically for the 
HS20-44 vehicle it is 93%, for the 128-kip Dolly vehicle it 
is 99%, and for the 204-kip PennDOT Permit vehicle it is 
87%. Doubling the maximum intact response is generally a 
good rough estimate of the maximum damaged response. For 
dead and live load, there is also almost a doubling of the 
maximum deflect ion for: _ .11 load types as a result of 
damage. Specifically for the HS20-44 vehicle it is 85%, 
for the 128-kip Dolly vehicle it is 89%, and for the 204-
kip PennDOT Permit vehicle it is 84%. These percentages 
are all less than the percentage increase for live load 
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alone. 
The structure's resistance to deformation for a 
unit of live load (stiffness) is greatest for the 204-kip 
PennDOT Permit vehicle; least for the 128-kip Dolly 
vehicle. As the live load's compactness increases, the 
structure's live load stiffness decreases. That is, the 
deflection of the bridge is not proportional to the gross 
vehicle load. However, for the three vehicles with a given 
damage state, the absolute maximum response is achieved by 
one 204-kip PennDOT Permit vehicle load; the least response 
is from one HS20-44 vehicle. 
The maximum live load deflection of the intact 
structure increases by 87% when the load type is changed 
from HS20-44 vehicle to 128-kip Dolly vehicle. For a 
damaged structure, the increase is very similar (92%). In 
both cases the increase is greater than the percentage in-
crease in the total gross live load which is 78%. The max-
imum live load deflection of the intact structure increases 
by 132% when the load type is changed from HS20-44 vehicle 
to 204-kip PennDOT Permit vehicle. If damaged, the in-
creas~ is very similar (125%). In both cases the increase 
is less than the percentage increase in the total gross 
live load which is 183%. If total (dead and live) load are 
considered, these percentages are all decreased. Specifi-
cally, for a load change to the 128-kip Dolly vehicle, the 
deflection increases 26% and 28% for the intact and damaged 
structure respectively; for a change to the 204-kip PennDOT 
Permit vehicle there is a 39% change for either the intact 
or damaged structure. In no case does a change in load 
type increase the total (d~ad plus live load) response by 
more than 40%. 
The transverse deflection profiles depicted in 
Fig. 49 show that all load cases exhibit pronounced 
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transverse curvatures in the vicinity of G4 and G6 at the 
midspan of the damaged structure. As a result, cracks in 
the deck slab might be expected to be developed in a lon-
gitudinal direction _in the vicinity of these girders. 
Transve~se curvature is very mild at the quarter span line 
(Fig. 50). 
3.3.3. Lower Flange Stress. 
A separate graph has been prepared to show the 
lower fla~ge stress of each girder of the intact and 
damaged multigirder bridge with all three load types. 
Figs. 51 through 56 are for live load stresses only~ Figs. 
57 through 62 ar~ for total stress. 
For all load types, compressive live load 
stresses exist in Gl, reflecting the upward defl~ ~ion of 
that girder. For all load types, the smallest load 
stresses are in G2. For G3 and G4, the live loa_ .cresses 
are ordered ·in the same way as the live load deflections, 
i.e., H-I, H-D, D-I, P-I, D~D, and P-D. For the given 
damage state, the lower flange stress in all girders is 
greatest for one 204-kip PennDOT Permit vehicle load; least 
for .$ HS20-44 vehicle load. 
As seen in Fig. 55, there is an approximate dou-
bling of the G5 stress for all live load cases when the 
st~ucture is damaged. Specifically, the increases are 
106%, 104%, and 104% for the HS20-44 vehicle, 128-kip Dolly 
vehicle, and 204-kip PennDOT Permit vehicle respectively. 
With dead load included with the live load, the percent in-
crease in the total flange stress when damage occurs is 
smaller. Specifically, when damage occurs, the G5 flange 
stress increases by 80% for the HS20-44 vehicle with dead 
load, by 85% for the 128-kip Dolly vehicle with dead load, 
and by 86% for the 204-kip PennDOT Permit vehicle with dead 
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load. Hence, doubling the maximum intact response of GS 
would be conservative when predicting the damaged response. 
The effect of changing load type is severe, but 
not in the same proportion as the increase in the magnitude 
of the live load. For example, the GS maximum stress in-
creases by 100% when the load on the intact structure is 
changed from HS20-44 vehicle to 128-kip Dolly vehicle. A 
change from HS20-44 vehicle to 204-kip PennDOT Permit 
vehicle induces a 120% increase. The two percentages are 
very similar (99% and 119%) for the damaged structure. 
These percent increases are less when dead load is included 
with the live load. Specifically, the percent increase for 
the intact structure is 25% and 30% for the 128-kip Dolly 
vehicle and 204-kip PennDOT Permit vehicle respectively. 
When damaged these percentages change very slightly, i.e., 
to 28% and 34% respectively. 
A graphical analysis shows that the greatest live 
load stress per unit live load is the 128-kip Dolly vehicle 
load; the least value is the 204-kip PennDOT Permit vehicle 
load. However, one 204-kip PennDOT Permit vehicle causes a 
higher stress than either one HS20-44 or one 128-kip Dolly 
vehicle. 
3.3.4. Normal Slab Stress in the Longitudinal Direction 
For all load types, the significant effects of 
damage on the longitudinal stress at the lower slab surface 
exist to ~he damaged side of the centerline. Gl live load 
stress never exceeds 30 psi in (tension); G2 never exceeds 
45 psi (compression); and G3 never exceeds 130 psi 
(compression); regardless of load type. As seen in Figs. 
63 through 66, the significant effects of damage are con-
fined to the middle quarter of the span length. This is 
especially apparent when dead load effects are considered 
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(Figs. 67 through 70). 
When measuring slab stress per unit of live load, 
the HS20-44 vehicle and 128-kip Dolly vehicle loads have 
much greater effects than the 204-kip PennDOT Permit 
vehicle load. However, one 204-kip PennDOT Permit vehicle 
load consistently exhibits the greatest absolute response 
for any given damage state. 
The differences between load states are less ap-
parent when dead load is included in the analysis as seen 
in Figs. 67 through 70. 
3.3.5. Normal Slab Stress in the Transverse Direction. 
Figs. 71 through 76 picture the upper surface 
slab stress in the transverse direction for all load types 
with and without dead load. The smooth live load stress 
profiles become much more complex after damage. 
All load types exhibit similar effects of damage 
away from the damaged area. The ratio of damaged to intact 
response is relatively high compared to other responses 
previously measured (i.e. vertical deflection, lower flange 
stress, and longitudinal slab stress). In the majority of 
cases, the ratio exceeds 200%; in the vicinity of the 
damage it ofte~ exceeds 500%. 
The 128-kip Dolly vehicle and 204-kip PennDOT 
Permit vehicle loads are relatively similar in their ef-
fects after damage, especially as the midspan is approached 
(Fig. 73). Other trends are consistent with the findings 
of other previous sections of this report. They incluc~: 
1. The structure's absolute response is 
generally bounded by the response to one HS20-44 vehicle 
and one 204-kip PennDOT Permit vehicle load. 
2. All load types (with and without dead load) 
indicate that cracking of the deck slab will probably occur 
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in the damaged structure; parallel to the girders in the 
vicinity of G4 and G6; especially in the central third of 
the span {Figs. 73 and 76). 
3. Inclusion of dead load stresses tends to 
lessen the differencei between load cases {Figs. 74, 75, 
and 76). 
3.3.6. Cross Bracing Stresses. 
As indicated in 3.2.6, whether intact or damaged, 
the highest cross-bracing stresses are generally located 
across the midspan of the structure. The members discussed 
below are located transversely across the midspan of the 
model. 
The allowable compressive stress based upon the 
AASHTO inventory rating (i.e. normal traffic) is ap-
proximately 8.1 ksi and 12.9 ksi for the horizontal and 
diagonal cross-bracing members respectively. These maximum 
allowable compressive stresses incorporate a factor of 
safety of 2.12. The maximum allowable tensile stress for 
either a horizontal cross-bracing member or a diagonal 
cross-bracing member is 20.0 ksi. 
As discussed previously in section 3.1.4, AASHTO 
makes provisions for heavier than normal loads governed by 
special permits. These loads are referred to as the 
"operating rating" loads; and the allowable stresses of 
these loads are up to 35% higher than the allowable 
stresses of the "inventory rating'' load. Since the 128-kip 
Dolly vehicle (LC2) and 204-kip PennDOT Permit vehicle ' 
(LC3) loads are generc y considered to be permit-type 
loads, this entire section will make stress comparisons 
based upon the "operating rating" provisions of AASHTO un-
less otherwise indicated in the text. The allowable 
operating rating compressive stress (for special permit 
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vehicles) is approximately 10.2 ksi and 16.0 ksi for the 
horizontal and diagonal cross-bracing members respectively. 
These maximum allowable stresses incorporate a factor of 
safety of 1.70. The maximum allowable tensile stress for 
either an horizontal cross-bracing member or diagonal 
cross-bracing member is 27.0 ksi. 
None of the three load types create cross-bracing 
stresses exceeding the operating rating allowable stress 
when the structure is intact (Table 3). For all three load 
cases the maximum total (live plus dead load) compressive 
stress occurs in the horizontal cross-bracing member be-
tween G3 and G4; its value is 5.2 ksi, 8.3 ksi, and 9.4 ksi 
for the HS20-44 vehicle (LC4), 128-kip Dolly vehicle (LC5), 
and 204-kip PennDOT Permit vehicle (LC6) loads respec-
tively. 
Depending upon the manner in which the cross-
bracing members are constructed, these member may carry 
only live load stresses or both live and dead load 
stresses. Hence, the bridge engineer is interested in the 
separate effects. 
With live load alone, both the 128-kip Dolly 
vehicle (LC2) and 204-kip PennDOT Permit vehicle (LC3) 
loads exhibit very similar effects on the damaged struc-
ture. Both have four horizontal cross-bracing members at 
midspan exceeding the operating allowable compressive 
stress. The maximum horizontal cross-bracing member live 
load compressive stress for the 128-kip Dolly vehicle and 
204-kip PennDOT Permit vehicle loads is 39.5 ksi and 42.0 
ksi. As before, the 128-kip Dolly vehicle load has the 
highest stress per uni_ of live load; one 204-kip PennDOT 
Permit vehicle and one HS20-44 vehicle loads provide the 
maximum and minimum absolute effects for cross-bracing 
stress caused by the three vehicular loads investigated. 
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With live load considered only, both the 128-kip 
Dolly vehicle and 204-kip PennDOT Permit vehicle loads have 
one diagonal cross-bracing member (the member between G5 
and G6) exceeding the operating allowable compressive 
stress on the damaged structure. The live load stress in 
this member is 19.5 ksi and 21.8 ksi for the 128-kip Dolly 
vehicle and 204-kip PennDOT Permit vehicle loads respec-
tively. 
With live and dead load included, all three load 
types have all of their horizontal cross-bracing members on 
the damaged structure from G2 to G6 in excess of the rating 
allowable compressive stress. In all cases the maximum 
stress occurs between G4 and G5, with values of 29.2 ksi, 
39.5 ksi, and 42.0 ksi for the HS20-44 vehicle (LC4), 128-
kip Dolly vehicle (LC5), and 204-kip PennDOT Permit vehicle 
(LC6) loads respectively. With dead and live load in-
cluded, the 128-kip Dolly vehicle and 204-kip PennDOT Per-
mit vehicle loads have three diagonal cross-bracing members 
in excess of the rating allowable stress on the damaged 
structure. In contrast, the HS20-44 vehicle load has only 
one. The maximum compressive stress for a diagonal cross-
bracing member always occurs between G5 and G6, and reaches 
29.2 ksi, 38.7 ksi, and 41.0 ksi for the HS20-44 vehicle, 
128-kip Dolly vehicle, and 204-kip PennDOT Permit vehicle 
loads respectively. 
In summary, overloads on the intact structure do 
not cause yielding or buckling of cross bracing members. 
However, extensive damage to the midspan of the exterior 
girder makes extensive yielding and buckling of cross brac-
ing members very likely for all three load cases. 
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3.3.7. Reactions. 
Only vertical reactions will be discussed in this 
section of the report. Since expansion-expansion supports 
are assumed, longitudinal reaction are non-existent for 
this model. Transverse reactions are present, but small. 
The variation in the transverse reactions with load type 
will not be addressed. 
The 128-kip Dolly vehicle and 204-kip PennDOT 
Permit vehicle loads exhibit the same general characteris-
tics already discussed concerning vertical reactions in-
duced by the HS20-44 vehicle load (see subsections 3.2.6 
and 3.2.7). The only noteworthy difference is the dis-
parity between the near and far reactions on G6 with the 
204-kip PennDOT Permit vehicle load (Figs. 77 and 78). 
This results from the extreme nonsymmetricity of the 204-
kip PennDOT Permit vehicle load about the midspan as 
described in section 2.4.1. 
In all cases, the maximum and minimum absolute 
response results from one 204-kip PennDOT Permit vehicle 
and one HS20-44 vehicle load respectively. 
3.4. The Effect of Span Length on the Response of Intact 
and Damaged Multigirder Bridges. 
3.4.1. Overview. 
This portion of the Phase I study addresses how 
span length influences the response of intact and damaged 
multigirder bridges. Before presenting the results, it is 
important to remind the reader that this study compares 
three standard design bridges extracted from Ref. 13. As 
such, the researcher is not conducting a study of span 
length in the sense normally associated with a ''parametric" 
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study. No attempt will be made to keep such things as 
steel girder properties, intervals of cross bracing pat-
terns, or size of transverse stiffeners constant while 
varying the span length. This study will simply compare 
models of three standard design bridge structures of dif-
ferent spans and different geometric properties. The dif-
ferences between these bridges was previously delineated in 
section 2.2.3. 
Since span length is the main parameter varied in 
this portion of the Phase I study, all other parameters 
will be kept constant. Hence, the basic multigirder bridge 
of interest will be an intact or damaged structure with 
expansion-expansion supports, and loaded with one HS20-44 
vehicle load. "Damaged", "fractured", or "cracked" again 
refers to severing the bottom flange and the full web of 
the exterior girder at its midspan. 
3.4.2. Vertical Deflections. 
Figs. 79 through 82 are longitudinal live load 
deflection profiles for selected girders under HS20-44 
vehic1e loading. The legends used in these graphs has 
changed from the previous section. The numbers in the 
legend indicate the span of interest { "00", "40", and "80" 
refer to the 100, 140, and 180 foot spans respectively); 
the letter refers to the damage state ("I" for intact and 
"D" for damaged). 
~All span lengths have an upward live load deflec-
tion at Gl, have only a slight deflection of G2 and G3, and 
exhibit the characteristic hinge-like profile in G6 when it 
is fractured. 
The ratio of damaged to intact response decreases 
slightly as the span increases; for all span lengths the 
effect is less than doubling. Specifically, the maximum 
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live load deflection increases by 93%, 89%, and 84% for the 
100', 140', and 180' spans after damage is imposed as can 
be seen in Fig. 82. When dead load is also included, these 
percentages are reduced to 85%, 77%, and 72% respectively. 
Under dead load alone, the effect of damage 
decreases as the span increases. The percentage change in 
maximum deflection is 81%, 74%, and 69% for the 100', 140', 
and 180' spans respectively. Under dead load alone, all 
spans exhibit an upward deflection of Gl as a result of 
damage. Specifically, there is a Gl deflection decrease of 
12%, 15%, and 16% after damage occurs. 
The transverse live load deflection profiles 
shown in Figs. 83 and 84 point out that all spans share 
common characteristics. That is, all have zero live load 
deflection immediately to the right of G2, and all profiles 
also show the existence of large transverse curvature at 
the midspan of all damaged spans in the vicinity of the 
bridge centerline and near G6. 
In summary, the maximum live load deflection of 
the intact structure increases by 17% when the span changes 
from 100' to 140'; 30% when changed from 100' to 180'. For 
the damaged structures these percent changes are 14% and 
24% respectively. In other words, for each unit increase 
in span, the incremental chance in live load deflection 
decreases. However, the absolute live load deflection in-
creases as the span increases. 
3.4.3. Lower Flange Stress. 
For all span lengths, there is a compressive live 
load stress in the lower flange of Gl, reflecting the up-
ward deflection of that girder as can be seen in Fig. 85. 
For all span lengths, there is an extremely small live load 
stress in G2 (Fig. 86). The effect of damage is ap-
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proximately a doubling of stresses for all span lengths as 
can be seen in Figs. 87 and 89. Specifically, the G5 live 
load stress increases 106%, 110%, and 112%, respectively, 
when the 100', 140', and 180' spans are damaged. When 
dead and live load are combined, these percentages become 
80%, 83%, and 83% for the 100, 140, and 180 foot spans 
respectively (Fig. 90). 
For a given damage state, the live load stress 
decreases as the span increases as can be seen from ex-
amination of Figs. 85 through 89. That is, the maximum 
live load response is the 100' span; the minimum live load 
response is the 180' span. Specifically, the G5 stress is 
reduced 14% when the intact span is changed from 100' to 
140'; 27% when changed from 100' to 180'. For a damaged 
structure these two percentages become 12% and 25% respec-
tively. 
When live and dead load are considered, the lower 
flange stress increases as the span increases. Specifi-
cally, the G5 stress is increased 12% when the intact span 
is increased from 100' to 140'; 19% when changed from 100' 
to 180'. For a damaged structure these two percentages are 
14% and 21% respectively (Fig. 90). 
The last two paragraphs indicate a general prin-
cipal of bridge engineering; that is, the relative con-
tribution of dead load to total load increases as span in-
creases. 
3.4.4. Normal Slab Stress in the Longitudinal Direction 
When live load is considered only, the dif-
ferences in longitudinal slab stress at the bottom surface 
of the deck between the different span lengths is minimal 
throughout the structure (Figs. 91 through 94). The 
general characteristics discussed in paragraph 3.2.4 for 
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the 100' span hold true. For all spans, the significant 
effects of damage exist only within the middle quarter of 
the span; and to the damaged side of the centerline of the 
bridge. This is especially apparent when dead load effects 
are combined with live load effects as can be seen in Figs. 
95 through 98. 
When live load is considered only, the greatest 
absolute effects of damage are experienced by the 100' 
span; the least by the 180' span (Figs. 92, 93, and 94). 
This is because the girders in the longer spans are much 
stiffer than the girders in the shorter spans in resisting 
live load by itself. When live and dead load are combined, 
the greatest absolute effects of damage are generally ex-
perienced by the 180' span; the least by the 100' span 
(Figs. 97 and 98). This is due to the greater dead load of 
the longer span. 
3.4.5. Normal Slab Stress in the Transverse Direction. 
As far as the transverse stress in the upper slab 
surface is concerned, the general trends of paragraph 3.2.5 
hold. There is no significant qualitative difference be-
tween the various span lengths. Fig. 99 show that, in ab-
solute terms, the greatest live load effects are generally 
experienced by the smallest span. When dead load is in-
cluded with the live load, there is very little difference 
between the response of the different spans as can be seen 
in Fig. 100. 
3.5. The Effect of Intermediate Levels of Damage on the 
Response of Multigirder Bridges. 
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3.5.1. Overviev.'. 
Up to this point in the presentation of the Phase 
I results, only the intact bridge and the severely damaged 
bridge, in which a vertical fracture has penetrated the 
bottom flange and the full web of the exterior girder at 
its midspan, have been considered. The purpose of this 
portion of the Phase I study is to quantify the response of 
a multigirder bridge containing a less severe 
fracture/crack damage. 
The four different structural states to be com-
pared during this part of the research are: 
1. The undamaged (intact) bridge. (INTACT) 
2. The bridge with a simulated lower flange 
fracture at the midspan of the exterior girder. (D-LF) 
3. The bridge with a simulated lower flange and 
half web depth crack at the midspan of the exterior girder. 
( D-U·i') 
4. The bridge with a simulated lower flange and 
full web depth fracture at the midspan of the exterior gir-
der. ( D-WvJ) 
The parenthetical letters following each of the 
four previous items are the symbolic abbreviations for 
identifying these damage states in the supporting graphs 
(see Section 2.3.3). 
Since the degree of damage is the main parameter 
in this portion of the report, all other parameters will be 
kept constant. The basic bridge of interest will be a 100 
foot span with expansion-expansion supports, and HS20-44 
vehicle loading. 
The purpose of this portion of the report is to 
relate damage states consisting of intermediate levels of 
damage to the two extreme conditions previously discussed 
in this report. The author will minimize the repetition of 
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trends already presented in this chapter,_ and focus solely 
on the-relationship between these different damage states. 
3.5.2. Vertical .Deflections. 
There is very little difference between the in-
tact bridge and the lower flange fractured bridge. As can 
be seen from Figs. 101 and 102, for the 100' bridge with 
~he HS20-44 vehicle load, there is only a 3.9% increase of 
the live load maximum deflection of G6; 3.0% increase in 
G5. These increases are almost identical for the 128-kip 
Dolly vehicle and t~e 204-kip PennDOT Permit vehicle loads·. 
The influence of dead load is insignificant in this 
analysis. When dead and live load are combined (Figs. 103 
and 104), the percent increase of the flange damaged bridge 
with respect to the intact bridge is 2_.0% and 3.4% for G5 
and G6 respectively. Hence, fracturing of the lower flange 
alone has only a minor effect on the deflection response of 
a multigirder bridge. In contrast, partial web damage has 
a very significant effect. 
In all cases, the half web depth crack response 
. 
is bcJ•ded by the intact and full web depth fracture. A 
very good estimate of the deflection response of the half 
web depth response is to averaae the intact and the full 
web depth fracture responses. When this was done for the 
HS20-44 vehicle load on the 100' span, the results were ex-
tremely good. For all node deflections on the entire 
bridge surface, the approximation was generally within 2% 
of the actual live load model response.· Specifically, for 
G5 and G6 the approximation was only an. 0.56%- and 1.25% 
overestimate of the actual model behavior. The approxima-
tion is equally valid when dead load is included _in the 
analysis. It is also significant that the averaging ap-
proximation generally overestimates the response. That is~ 
62 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
they are slightly conservative. 
For comparison purposes, an approximation was 
also calculated based upon averaging the flange fractured 
and full web depth fractured responses. While this ap-
proximation was also very good, it was slightly worse than 
the approximation based upon averaging the intact and full 
web depth damage responses. Specifically, this new ap-
proximation overestimated the model's actual response for 
G5 and G6 by 1.69% and 2.58%. This trend was evident for 
all load types, with and without the inclusion of dead 
load. 
Hence, an approximation based upon the two ex-
treme cases is more accurate. It is also more practical in 
its application. This will be discussed more fully in sec-
tion 3.5.7. 
3.5.3. Lower Flange Stress. 
Except at the damaged girder itself, there is 
only minor differences between the lower flange stress of 
the intact structure and the structure with the lower 
flange severed (Figs. 105 through 107). As can be seen in 
Fig. 107, the G5 maximum live load stress only increases by 
4.2% as a result of the flange fracturing in G6. Even for 
the damaged girder (G6), substantial differences between 
the stress profiles appear only within about 4 feet of the 
damage location as can be seen in Fig. 108. These trends 
are similar for all load types, with and without the inclu-
sion of dead load. 
Partial web damage can significantly increase the 
stress in the girders adjacent to the damaged girders as 
shown in Figs. 106 and 107. Averaging the intact and full 
web depth fracture responses yields an extremely good es-
timate of the flange stress in all of the girders other 
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than the damaged girder itself. Specifically, the averag-
ing technique overestimates the G5 model's stress by only 
1.4%. This averaging technique remains valid for Gl 
through GS and for all load cases with and without dead 
load. The averaging technique consistently overestimates 
the actual model stress, i.e. it is conservative. 
As can be seen in Figs. 108 and 110, the averag-
ing technique is not valid on the damaged girder itself in 
close proximity to the damage. The averaging estimate is 
very good (less than 2%) outside 8 feet longitudinally from 
the damage location. Within about 8 feet from the damage, 
the averaging technique yields unsatisfactory results. The 
above trend is consistent for all load cases, with and 
without dead load. 
The reader should be advised to exert care in the 
interpretation of the finite element modeling data in close 
vicinity to the damage. The flange stress data in the 
vicinity of the damage should not be interpreted literally, 
as it is based upon the average of nodal forces/couples in 
a high stress gradient region. 
3.5.4. Normal Slab Stress in the Longitudinal Direction 
The fracturing of the lower flange has no sig-
nificant effect on the longitudinal slab stress. In most 
cases the profiles of the longitudinal slab stress of the 
intact and the flange damaged states are nearly identical. 
This is true everywhere on the structure, including close 
proximity to the 
111 through 114. 
this trend (Figs. 
damage location as can 
Superposition of dead 
115 and 116). 
be seen in Fig~. 
load does not alter 
Partial web damage can significantly change the 
longitudinal slab stress in the vicinity of the damage. 
The largest changes in stress are most apparent within a 10 
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feet radial distance from the damage location as can be 
seen in Figs. lll through 114. 
Averaging the intact and full web depth fractured 
responses is a very good approximation outside a 10 foot 
radial distance of the damage; inside this radius it can be 
a very erratic approximation. However, at all locations 
the model's actual half web damage response is bounded by 
the intact and the full web depth damage response. 
3.5.5. Normal Slab Stress in the Transverse Direction. 
Flange fracturing alone has an insignificant ef-
fect on the transverse stress at the upper slab surface; 
even in close proximity to the damage. Partial web damage 
can significantly change the transverse slab stress in the 
vicinity of the damage. The largest changes in stress are 
most apparent within about 10 feet radially of the damage 
as can be seen in Figs. 117 through 122. 
Averaging the intact and full web depth fractured 
responses is a very good approximation outside a 10 foot 
radial distance of the damage; inside this radius it can be 
a very erratic approximation. However, at all locations 
the model's actual half web damage response is bounded by 
the intact and the full web depth damage response. 
3.5.6. Cross Bracing Stresses. 
For all four structural conditions, the highest 
cross-bracing stresses are located across the midspan of 
the structure. The members discussed below are located 
transversely across the midspan of the model. The all~w­
able compressive stress based upon the AASHTO inventory 
rating (i.e. normal traffic) is 8.1 ksi and 12.9 ksi for 
the horizontal and diagonal cross-bracing members respec-
tively. The maximum allowable tensile stress for either a 
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horizontal cross-bracing member or a diagonal cross-bracing 
member is 20.0 ksi. 
Fracture of the lower flange alone has only a 
minor effect on the cross-bracing stresses as seen in 
Table 3. The maximum total (LC4} compressive stress in-
creased from 5.16 ksi to 5.88 ksi (in the horizontal cross-
bracing member between G3 and G4), an increase of only 14%. 
A half-depth web crack has a more severe effect 
on the cross-bracing stresses. This type of damage shifted 
location of the maximum total (LC4} compressive stress to 
the horizontal cross-bracing member from G4 to G5, result-
ing in a maximum value of 16.4 ksi. This exceeds the maxi-
mum allowable AASHTO operating stress and represents an in-
crease of 277% with respect to this member's stress in the 
intact structure. In comparison, the stress in this same 
member is 4.4 ksi when the structure is intact; 29.2 ksi 
when the web is totally severed. 
The technique of approximating the effect of a 
half web depth crack by averaging the intact and total web 
depth fracture is not as consistently accurate as pre-
viously discussed for deflection and lower flange stress 
data. The error in this technique ranged between a 10% 
overestimate and a 6% underestimate. No clear trend was 
observed regarding the occurrence of an underestimate 
rather than a overestimate. 
3.5.7. Application 
The practical advantages of estimating partial 
web depth damage from the intact and full web depth 
responses is very imp0 _ant to understand. The most 
economical damage states to model are the intact and full 
web depth damage states. Full modeling of partial web 
depth cracks of various depths dictate inclusion of a large 
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number of web elements. This can be very time consuming 
for the modeler; and very costly in terms of computer 
central processing unit (CPU) time. Using the estimating 
technique will allow the user to approximate various web 
depth crack behavior without having to model the girder in 
great detail. The only required computer analyses would be 
for the intact and the full web depth damage states. 
3.6. The Effect of Support Conditions on the Response of 
Intact and Damaged Multigirder Bridges. 
3.6.1. Overview. 
The results reported in the previous sections of 
this chapter were based upon the assumption that all of the 
bridge models had expansion-expansion supports. This as-
sumption dictates that no longitudinal reaction forces will 
act at the bridge supports. The expansion-expansion sup-
port condition has been used thus far because it was felt 
that these supports would maximize the bridges response to 
live a1d dead load. The expansion-expansion supports also 
create conditions most similar to those used in making cal-
culations for one-dimensional beams with simple supports. 
This portion of the Phase I research investigated 
the effect of using other supports to restrain the multi-
girder bridge model. The three different support condi-
tions to be investigated were previously described in 
detail in section 2.5 of this study. They include: 
1. The expansion-fixed support, i.e., lon-
gitudinal restraints at the far end (x=L) of all six gir-
ders and no longitudinal restraint at the near end. (OX} 
2. The expansion-expansion support, i.e., no 
longitudinal reaction forces can develop to vertical loads~ 
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(00) 
3. The fixed-fixed support, i.e., longitudinal 
restraint at both the near and far ends of all six girders. 
(XX) 
The parenth~tical letters foliowing each of the 
three previous items are the symbolic abbreviations to be 
used in the supporting graphs for this section. 
The reader is re~inded that all three. of the sup-
port conditions restrain both ends of all girders (at the 
lower flange) from translating in the vertical (y) and 
transverse (z) directions. No rotational restraints are 
applied to the end of any girder. 
Since the support condition is the main parameter 
in this portion of the report, all other parameters will be 
kept constant. The basic bridge of interest will be an in~ 
tact or damaged 100 foot multigirder bridge with HS20-44 
vehicle loading. "Damaged", "fractured",· or "cracked" 
refers to severing the bottom flange and the full web of 
the exterior girder at its midspan. 
Th~ previously report~d res~lts have provided a 
large,qu~ntity of data on the response of multigirder 
brids~s with expansion-expansion supports. Hence, the 
author will focus on how the expansion-fixed and fixed-
fixed bridge response differs from the expansion-expansion 
supported structure. 
3.6.2. Vertical Deflections. 
Figs. 123 through 130 show selected deflection 
profiles for intact and damaged multigirder bridges sup-
ported in three diff~rent manners. The first two letters 
of the legend symbols used in these graphs were discussed 
in the p~evious subsection; the third letter of the legend 
refers to the damage condition ("I" for intact and "D'.' for 
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damaged). The various deflection responses will be con-
trasted below. 
3.6.2.1. Expansion-Fixed Supports. 
The expansion-fixed supports create a more com-
plex live load deflection profile in the girders remote 
from the damage as can be seen in Figs. 123 and 124. Gl's 
deflection profile looks like a full sine wave with inflec-
tion point at midspan when the model is either intact or 
damaged. G2 does not have an upward deflection under live 
load as previously seen with expansion-expansion supports. 
The expansion-fixed supports reduce vertical 
deformation for all girders on the damaged side of the 
bridge centerline. Specifically, there is an 18.8% reduc-
tion of the maximum live load deflection of the intact 
bridge when the supports become expansion-fixed as can be 
seen in Fig. 128. 
Most of this reduction results from live load. If 
dead load were considered alone, the deflection profiles of 
the expansion-expansion and expansion-fixed intact bridges 
are indistinguishable. When dead and live load effects are 
combined, there is only a 5.93% reduction of maximum 
deflection from expansion-expansion supports to expansion-
fixed supports for the intact 100' bridge as shown in Fig. 
130. 
When the bridge is damaqed, the expansion-fixed 
supports bave a more significant impact on reducing defor-
. 
mation. The maximum live load deflection is reduced 28.9% 
from the expansion-expansion condition. When live and dead 
load are combined, the reduction is 17.4%. 
Changing the support to expansion-fixed supports 
reduces the relative difference between the intact and 
damaged states. While there was almost a doubling of the 
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maximum live load deflection when the model with expansion-
expansion supports is damaged: with expansion-fixed sup-
ports there is a 69.2% increase with damage. This increase 
is 62.3% when dead load effects are also included. 
3.6.2.2. Fixed-Fixed Supports. 
Qualitatively the deflection profiles for the 
fixed-fixed supports are very similar to the expansion-
expansion supported models, i.e. there is an upward deflec-
tion of Gl and G2, and half sine wave type deflection 
profiles. However, there is a substantial decrease in the 
magnitude of the deflection of all girders when the sup-
ports are changed from expansion-expansion to fixed-fixed. 
This is true for both the intact and damaged bridges, with 
and without dead load. Specifically, the maximum live load 
deflection on the intact structure is reduced 51.0%: on the 
damaged structure it is reduced 63.6% when changed from 
expansion-expansion to fixed-fixed supports. 
There is a considerable difference between the 
expansion-expansion and fixed-fixed deflection responses to 
dead load alone. For example, there is a 56.0% and 68.2% 
reduction of the deflection of the intact and damaged 
bridges respectively from expansion-expansion to fixed-
fixed supports when dead load acts alone. When live and 
dead load are combined these two percentages change to 
54.5% and 66.8%: hence dead and live load effects are inde-
pendently significant. 
The fixed-fixed support condition minimizes the 
difference between the intact and damaged bridges. Under 
live load alone there is a 43.7% increase of the maximum 
live load deflection (much less than the doubling of the 
expansion-expansion suppor'ts): a 35.0% increase of the max-
imum live plus dead load deflection. 
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3.6.2.3. Comparison. 
Both the expansion-fixed and fixed-fixed supports 
reduce deformation with respect to the expansion-expansion 
supports. The expansion-fixed reductions are primarily de-
pendent on live load; the fixed-fixed reductions are for 
both live and dead load. The fixed-fixed reductions of 
deformation are so large that the damaged bridge with 
fixed-fixed supports generally deflects less than the in-
tact bridge with expansion-expansion or expansion-fixed 
supports. 
3.6.3. Lower Flange Stress. 
Figs. 131 through 142 depict the lower flange 
stress for the three support conditions on selected girders 
of the 100 foot multigirder bridge. The important results 
are presented below. 
3.6.3.1. Expansion-Fixed Supports. 
The expansion-fixed supports create a very unsym-
metrical response with respect to the midspan. This is ap-
parent when viewing the live load stress profiles of all 
girders, both before and after damage. Away from the live 
load (Gland G2), the nonsyrnrnetrical supports induce a live 
load tensile stress at the fixed end. However, even after 
damage of the bridge, this tensile stress stays below about 
3.0 ksi. 
In the vicinity of the live load (GS and G6), the 
maximum flange stress (located at midspan) is reduced Ly 
changing the model's supports from expansion-expansion to 
expansion-fixed. For example, the maximum GS stress is 
reduced by 15.6% for the intact and 26.5% for the damaged 
model when the supports are expansion-fixed. These reduc-
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tions are not as large when dead load and live loads are 
combined. 
However, in the vicinity of the live load (G5 and 
G6), there are live load compressive stresses at the flange 
near the fixed support which did not exist for the 
expansion-expansion support condition. These stresses can 
be very significant. For example, for the intact structure 
with expansion-fixed supports, the magnitude of the G6 live 
load compressive stress at the fixed support is ap-
proximately equal to the same girder's midspan tensile 
stress as can be seen in Fig. 136. 
In all cases the magnitude of the flange stress 
in the vicinity of the support increases as the result of 
damage. This is true for both live load alone and combined 
live and dead load. However, the differences between the 
expansion-fixed and expansion-expansion stress response is 
mainly attributable to live load. If dead load only is 
considered, the differences are minimal. 
3.6.3.2. Fixed-Fixed Supports. 
The stress profile with the fixed-fixed supports 
looks very similar to that of a prestressed concrete beam 
as can be seen in Fig. 134. This is apparent for all gir-
ders after dead load has been combined in the analysis. 
The maximum live load flange stress in the intact 
structure (at G6) is cut in half (47.8% reduction) as a 
result of the supports changing from expansion-expansion to 
fixed-fixed. The reduction is even greater (56%) when dead 
load is combined with ve load. 
The relative:_tress reduction is even greater for 
the damaged structure. The maximum GS live load stress is 
reduced 64.1% by changing the supports from expansion-
expansion to fixed-fixed ; with dead load the reduction is 
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68.3%. The stress reduction is not dependent upon the ex-
istence of an unsymmetrical live load. With dead load 
alone, the maximum G5 stress is reduced 61.3% on the intact 
structure; 70.0% on the damaged structure. 
The difference between the intact and damaged 
states are minimized by changing from expansion-expansion 
to fixed-fixed supports. With fixed-fixed supports, there 
is only a 53.4% difference between the intact and damaged 
maximum G5 live load response. With dead load included the 
difference between intact and damaged is only 39.3%. From 
viewing the stress profiles of all girders (with and 
without dead load), it is obvious that the fixed-fixed sup-
ports minimize the difference between the intact and 
damaged states. This is especially apparent for the gir-
ders remote from the damage (Gl through G4). 
The "cost" of these beneficial effects is the ex-
istence of flange stresses in the vicinity of both the near 
and far supports. The lower flange stresses existing in 
the vicinity of the bridge supports will be referred to as 
the "flange support stresses." 
The live load flange support stress is very small 
for Gl through G3. However, when dead load is included in 
the analysis, even the Gl through G3 flange support 
stresses can be quite large. For all of these girders the 
flange support stresses are about 8 ksi (compression). 
This is about triple their respective midspan tensile 
stress. 
For all girders, with either the intact or 
damaged state, with or without dead load; the magnitude of 
the flange support stresses exceed the magnitude of the 
corresponding midspan stress. In many cases the magnitude 
of the flange support stresses are more than double the 
magnitude of the midspan stress. The largest flange sup-
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port stresses occur on G6 when the structure is damaged; 
about 5 ksi (compression) for live load alone, about 16 ksi 
(compression) for combined live and dead loads. 
While the flange support stresses increase for 
all girders after damage, these increases are less than the 
corresponding increase of the midspan stress. For example, 
while the G5 midspan total stress increases 39.3% after 
damage, the G5 flange support sttesses increase 18.0%. 
Hence, the flange support stresses are not as sensitive to 
damage. 
3.6.3.3~ Comparison. 
Both the expansion-fixed and fixed-fixed supports 
reduce the maximum flange stress compared with the 
expansion-expansion support. The reduction resulting from 
fixed-fixed supports is much more cons.iderable. 
The expansion-fixed stress reduction are 
primarily a live load phenomena; the fixed-fixed stress 
reductions are not. 
Both the expansion-fixed and fixed-fixed support 
cond: ons have flange support stresses at the longitudinal 
restraints. The flange support stresses are generally 
higher for the fixed-fixed supports than the expansion-
fixed supports. 
3.6.4. Normal Slab Stress in the Longitudinal Direction 
The graphs of the longitudinal slab stress for 
both live and total load (Figs. 143 through 148) indicate 
one prevailing trend, i.e., there is no appreciable dif-
ference between the expansion-expansion, expansion-fixed, 
and fixed-fixed support conditions outside the middle 
quarter of the span. Even within the central quarter of 
the span, there is very littl~ difference between the slab' 
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stress profile for the intact structure with either 
expansion-expansion, expansion-fixed, or fixed-fixed sup-
ports. 
Within the central quarter of the damaged span, 
the longitudinal slab stress is reduced significantly if 
the expansion-expansion supports are changed to either 
expansion-fixed or fixed-fixed supports. Specifically, the 
live load tensile stress at midspan near G6 is reduced by 
33.6% and 73.2% when changed to the expansion-fixed and 
fixed-fixed supports respectively. When dead load is also 
included, these percentages change to 22.4% and 84.7% 
respectively. 
3.6.5. Normal Slab Stress in the Transverse Direction. 
The intact structure's transverse slat ress is 
very similar for all three support conditions. : is 
true whether or not dead load is included in the __ ,alysis 
as seen in Figs. 149 and 150. 
The transverse slab stress is reduced throughout 
the damaged structure when the supports are changed from 
expansion-expansion to either expansion-fixed or fixed-
fixed supports. For example, the peak live load tensile 
stress at midspan near G4 is reduced by 24.6% and 52.3% 
when the supports become expansion-fixed and fixed-fixed 
respectively. With dead load included these percentages 
become 18.5% and 65.0% respectively. Notice that the 
fixed-fixed supports are still influenced more by dead load 
than the ~xpansion-fixed supports. 
3.6.6. Cross Bracing Stresses. 
Whether intact or damaged, the highest cross-
bracing stresses are generally located across the midspan 
of the structure (Table 4). The members discussed below 
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are located transversely across the midspan of the model. 
The allowable compressive stress based upon the AASHTO in-
ventory rating (i.e. normal traffic) is approximately 8.1 
ksi and 12.9 ksi for the horizontal and diagonal cross-
bracing members respectively. The maximum allowable ten-
sile stress for either a horizontal cross-bracing member or 
a diagonal cross-bracing member is 20.0 ksi. 
Cross-bracing stresses were generally reduced 
throughout the structure as a result of changing from the 
expansion-expansion support to either the expansion-fixed 
or fixed-fixed supports (Table 4). This was true for all 
load cases on both the intact and damaged structure. For 
example, the maximum total (live plus dead load) cross-
bracing stress in the expansion-expansion damaged model oc-
curred in the horizontal cross-bracing member between G4 
and G5. The value of this stress is 29.2 ksi, exceeding 
the allowable inventory compressive stress by 259%. The 
stress in this same member is reduced to 23.5 ksi (188% 
over allowable) and 10.3 ksi (27% over allowable) for the 
expansion-fixed and fixed-fixed supports respectively. 
The largest total (live plus dead load) diagonal 
cross-bracing member compressive stress for the damaged 
model with expansion-expansion supports is in the diagonal 
between G5 and G6. Its specific value is 29.2 ksi, which 
exceeds the allowable inventory rating stress by 127%. 
Changing supports reduces this members stress to 23.5 ksi 
(83% over•allowable) and 9.8 ksi (24% under allowable) for 
the expansion-fixed and fixed-fixed supports respectively. 
For the damaged structure, most of the cross bracing 
stresses were reduced by about 20% when changing from 
expansion-expansion to expansion-fixed supports. The 
reduction generally exceeded 60% when changing from 
expansion-expansion to fixed-fixed supports. 
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The ratio of damaged to intact response was 
reduced most significantly when the supports were changed 
to fixed-fixed supports. For example, the very highly 
stressed horizontal cross-bracing member between G4 and GS 
had a stress increase of approximately 940% when the model 
was changed from intact to damaged, for either the 
expansion-expansion or the expansion-fixed supports. 
However, for the fixed-fixed supports the intact stress in-
creased by a much lower 388% after it was damaged. 
3.6.7. Reactions. 
Most of the previous paragraphs of the last section dis-
cussed quantitative results with little or no explanation 
of their cause. This was done intentionally. The key to 
understanding the effect of different support conditions is 
understand where and why different reactive forces develop. 
The following paragraphs will address these issues. 
3.6.7.1. Vertical Reactions. 
Figs. 151 and 152 display the vertical reactions 
for the intact and damaged bridges respectively. The ter-
minology and sign convention used in these graphs was 
presented in subsection 3.2.7. 
The vertical reactions for the expansion-fixed 
supports are characterized by a large disparity between the 
magnitude of the near and far reactions. For example, on 
G6 of the intact model with expansion-fixed supports, the 
live load vertical reactions are 14.7 kips and 25.7 kirs 
\ 
for the expansion and fixed supports respectively. In ~on-
trast, the same reactions for the expansion-expansion sup-
ported structure are 21.6 kips and 17.3 kips. In other 
words, the nonsymmetrical longitudinal restraints are 
"attracting" the live load at the far (restrained) end of 
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the bridge. 
After damage, this difference between the near 
and far support's live load response is even greater; 
specifically, they become 4.3 kips and 23.4 kips respec-
tively for the expansion-fixed model in contrast to value 
of 12.4 kips and 8.1 kips for the expansion-expansion sup-
ported model. Notice that after damage of the expansion-
fixed model there is only a minor change in the fixed sup-
port reaction, but a very large reduction of the expansion 
support reactiort. The damage is dividing G6 into two dis-
tinct portions: a very flexible half connected to the near 
support with no longitudinal restraint, and a stiffer half 
connected to the far end trying to continue to support the 
live load. 
The fixed-fixed vertical reactions are charac-
terized by an ability to support a larger proportion of the 
live load at the edge girder. This is especially true 
after damage occurs. For example, the near and far sup-
ports of the fixed-fixed damaged model carry 65.8% and 
81.5% ~ore live load force than the corresponding 
expansion-expansion model. Of course, this means that less 
vertical reactive force is transferred to the neighboring 
G5 supports for the fixed-fixed conditions than for the 
expansion-expansion condition. The longitudinal restraints 
at both lower flanges of G6 are reducing the longitudinal 
curvature, with a corresponding increase in stiffness. 
3.6.7.2. Longitudinal Reactions. 
Our standard model for the results reported in 
sections 3.2 through ?.~ had expansion-expansion supports 
and hence no longitudinal reactions. This is not true for 
the expansion-fixed and fixed-fixed. supported models as 
seen in Figs. 153 and 154. The sign convention used in 
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these figures is as follows: positive longitudinal reactive 
forces push the model in at the support, i.e., they act to 
cause compression at the supported girder's flange. 
The live load reactive forces push on the struc-
ture in the vicinity of the live load (G5 and G6), and pull 
on the structure away from the live load (Gl and G2) for 
both the expansion-fixed and fixed-fixed supports. This is 
true both before and after damage. The basic cause of this 
is the "dishing" effect in the longitudinal direction. The 
lower flange of the loaded girders wants to push out as a 
result of the vertical load. The longitudinal restraints 
at both ends of G5 and G6 resist this and "push" on the 
lower flange. The girders on the opposite (unloaded) edge 
of the bridge pull on the lower flange to ensure equi-
librium. 
Compared to the expansion-fixed support, the 
fixed-fixed support reactions have a relatively smooth dis-
tribution of force from girder to girder, whether intact or 
damaged, with or without dead load. With the fixed-fixed 
supports, the longitudinal reactive force decreases 
gradually from G6 to Gl. This is due to the symmetrical 
nature of the fixed-fixed supports which tend to spread the 
load evenly to the near and far ends. 
The effect of damage is less for the fixed-fixed 
supports than the expansion-fixed supports. For example, 
the G5 far live load reaction increases 68.7% after damage 
when the model has expansion-fixed supports~ only 30.8% 
with fixed-fixed supports. With dead load included these 
two percentages are 33: ~% and 17.0% respectively. Unlike 
the expansion-fixed supports, damage to the fixed-fixed 
supported bridge does not divide the structure into 
flexible and stiff segments. The midspan damage and sym-
metrical supports tend to reduce the difference between 
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near and far sides. 
The expansion-fixed reactive force is effected 
~uch less by dead load than the fixed-fixed supports (Figs. 
155 and 156). This is certainly expected. The expansion-
fixed supports do not prevent the uniform longitudinal 
"dishing'' resulting from the relatively constant and sym-
metrical dead load; the fixed-fixed supports provide com-
plete resistance to the dead load "kickirig out". For ~x­
ample, the far reaction on G6 for the intact structure with 
expansion-fixed supports increases from 59.1 kips to 75.8 
kips (or 28.3%) after dead load is included in the 
analysis. This same reactive force increases from 71.8 
kips to 251.7 kips (or 250.6%) after dead load is included. 
The same type of change also occurs in the damaged struc-
ture. 
3.6.7.3. Transverse Reactions. 
Transverse reaction do exist at both the near and 
far ends of all girders, for all three supports conditions 
(expansion-expansion, expansion-fixed, or fixed-fixed) as 
can b; seen in Figs. 157 through 160. The reader is 
remi;'.~d that a positive transverse reaction acts in the 
n~gative z direction, i.e. a positive transverse reaction 
tries to push the girder away from the G6 edge of the 
model. 
Transverse reactions due to live load are very 
small for expansion-expansion supports (the maximum is 0.33 
kips), slightly larger for fixed-fixed supports (the maxi-
mum is 0.51 kips), and large for the expansion-fixed sup-
ports (the maximum is 8.31 kips). It appears that the size 
of the transverse reaction is effected by the nonsym-
metricity of the support conditions in the longitudinal 
direction.. Symmetrical supports reduce the amount of 
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transverse curvature. This reduced curvature results in 
reduced restraining forces in the transverse directiori at 
the lower flange of the girders. 
The transverse reactions for the model with 
expansion-fixed supports are increased after damage is 
imposed; the fix~d-fixed supported model is effected very 
·little by damage. For example, the near GS live load reac-
tion for the expansion-fixed model increases by 55.3% after 
damage, the fixed-fixed model's near reaction only in-
creases 4.2%. 
The rela~ively large transverse reactions for the 
expansion-fixed supported model are not significantly ef-
fected by the inclusion of dead load. For example, the· 
near GS reaction on the 1ntact model 6nly changes from 5.28 
kips to 5.97 kips (an increase of 13.1%) after dead load is 
included. For the other types of supports, the increase 
can be as great as 500%. The magnitude of the transverse 
reaction for both the expansion-expansion and fixed-fixed 
supports remain small with and without dead load (always 
less than 1.5 kips). 
3.7. Summary of Significant Finding From the Parametric 
Study of Multigirder Bridges Using Linear Elastic Analysis. 
The following five subsections will provide a 
summary of the significant findings of the study of multi-
girder bridges using the SAPIV model. The first subsection 
. 
will provide the most general findings, wh~le the last four 
subsections will treat the four important parameters that 
were addressed in the study. For each of these summaries, 
the reader is advised to note the exact model upon which 
the findings are based. 
81 
3.7.1. General Summary (100 Foot Multigirder Bridge, Intact 
or Damaged, HS20-44 Vehicle Load, Expansion-Expansion 
Supports). 
1. After substantial damage to an exterior gir-
der the load is redistributed, primarily among the struc-
tural components in the immediate vicinity of the damage. 
The changes in the structural response (deflections, flange 
stresses, slab stress, etc.} of the bridge sufficiently 
away from the damaged girder, are small whether there is a 
crack or not. 
2. The live or total load deflection of the ex-
terior girder after it is severely damaged at the midspan 
is about twice the deflection when there is no damage. The 
exterior girder's smooth parabolic shape changes to a in-
ternally hinged shape with the onset of damage. 
3. The maximum live load tensile stress in the 
100 foot superstructure due to the HS20-44 vehicle is about 
4.2 ksi and located at G6's midspan. After substantial 
damage to the exterior girder, the peak live load stress is 
about 5.8 ksi. This stress is registered at the girder ad-
jacent to the damaged girder (G5}. 
4. The peak live load tensile stresses in the 
first interior girder (G5) at the midspan approximately 
doubles after the development of a severe fracture at the 
"loaded" exterior girder. The peak total stress in this 
same girder increases by about 80%; 
5. The lower flange live load stresses in the 
girder to the left of the bridge's centerline are always 
less than 1 ksi. 
6. The maximum reinforced concrete slab deck 
stresses in the direction parallel to the girders near the 
girder of concern jumps from 100 psi in compression to 600 
psi in tension, after the formation of the deep fracture i~ 
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the exterior girder. A similar pattern is observed for the 
slab stresses perpendicular to the girders. The high ten-
sile stresses in the deck concrete indicate that there may 
be substantial cracking of the slab in the immediate 
vicinity of the damage. However, the slab sufficiently 
away from the damaged location does not exhibit any 
unusually large increases in the tensile stresses. 
7. The highest cross bracing stresses are lo-
cated across the midspan of the 100 foot multigirder 
bridge. The live and total stresses for the intact struc-
ture is small in all cross bracing members. After damage, 
all of the midspan horizontal cross bracing members between 
G2 and G6 exceed the AASHTO allowable compressive stress 
based upon total stress. Both diagonals between G5 and G6 
also exceed the AASHTO allowable stresses. The cross brac-
ing members appear to play a significant role in the 
redistribution of load after the exterior girder is 
damaged. 
8. Small transverse reactions do exist on a mul-
tigirder bridge with expansion-expansion supports. 
9. The overall results have indicated that 
simple span steel multigirder bridges possess very large 
internal redundancy. After the development of serious 
damage in an exterior girder, large increases in the 
stresses and deformations in the immediate vicinity of the 
damage were noted. However, none of these increases appear 
to be high enough to result in the collapse of the super-
structure. It seems that the bridge slab plays a critical 
role in the redistribution of the stresses and the develop-
ment of new load paths. 
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3.7.2. Summary: The Effect of Various Load Types (100 Foot 
Multigirder Bridge, Intact or Damaged, Expansion-Expansion 
Supports). 
1. The greatest absolute effects from all the 
measured responses is achieved by loading the 100 foot mul-
tigirder bridge with expansion-expansion supports with one 
204-kip PennDOT Permit vehicle. One HS20-44 vehicle yields 
the minimum absolute effects. 
2. The largest response (deformation or lower 
flange stress) per unit of live load is achieved by loading 
the model with the 128-kip Dolly vehicle; the least by the 
204-kip PennDOT Permit vehicle. 
3. Doubling the maximum intact deflection 
response is generally a good rough estimate of the maximum 
damaged deflection response for both live load alone or to-
tal load. 
4. All load cases exhibit pronounced transverse 
curvature in the vicinity of G4 and G6 at the midspan of 
the damaged structure. As a result, cracks might be ex-
pected in the longitudinal direction in the vicinity of 
these girders. 
5. There is an approximate doubling of the GS 
stress for all live load cases when the structure is 
damaged. These increases are less than 100% when total 
stress is considered. 
6. For all load types, the significant effects 
of damage on the slab stress in the longitudinal direction 
are located on the damaged side of the centerline and in 
the middle quarter of the span length. 
7. Even wit. dead load included on the intact 
model, none of the three load types cause cross bracing 
stresses exceeding the operating rating allowable stress. 
On the damaged model, all three load types have all of 
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their horizontal cross bracing members between G2 and G6 in 
excess of the rating allowable compressive stress. The 
overload type vehicles (204-kip PennDOT Permit vehicle and 
128-kip Dolly vehicle) have several diagonal cross bracing 
members in excess of their rating allowable stress; the 
HS20-44 vehicle has only one. 
3.7.3. Summary: The Effect of Span Length (Multigirder 
Bridges, Intact or Damaged, HS20-44 Vehicle Load, 
Expansion-Expansion Supports). 
1. For a given damage state, the live load 
response decreases as the span increases; the total load 
response increases as the span increases. 
2. While the maximum live load and total load 
deflections increase as the span increases, the ratio of 
damaged to intact deflection response decreases as the span 
increases. 
3. The is an approximate doubling of the GS 
stress for all span lengths when the structure is damaged. 
These increases are less than 100% when total stress is 
considered. 
4. For all span lengths, the significant effects 
of damage on the slab stress in the longitudinal direction 
are located on the damaged side of the centerline and in 
the middle quarter of the span length. 
3.7.4. Summary: The Effect of Intermediate Damage Levels 
(100 Foot Multigirder Bridge, HS20-44 Vehicle Load, 
Expansion-Expansion Supports). 
1. Fracturing of the lower flange alone has only 
a minor effect on the response of a multigirder bridge with 
expansion-expansion supports under HS20-44 vehicle loading. 
2. Half web depth cracks have a very significant 
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effect on the response of multigirder bridges. 
3. A very good estimate of the deflection (or 
the lower flange stress) of the half web depth cracked 
bridge is to average the intact and the full web fracture 
deflection (or lower flange stress) responses. The ap-
proximation slightly overestimates the response, and is 
equally valid when live load or total load is included in 
the analysis. The averaging technique should not be used 
to approximate the lower flange stress on the fract~red 
girder within about 8 feet of the damage. 
4. Averaging the intact and full web depth frac-
tured responses for determining the slab stress in a half 
web depth cracked structure is accurate outside a 10 foot 
radial distance of the damage location. Inside this 
radius, it can yield erroneous results. 
5. Applying the averaging technique to the cross 
bracing stresses produced errors ranging from +10% to -6%. 
Hence, the conservative approach would be to increase the 
averaged. stress by at least 10% to estimate fhe cross brac-
ing stress resulting from a half web depth crack to the ex-
terior girder. 
6; The averaging technique is a very practical 
method of estimating the structural response to partial web 
depth cracks. The only required complete computer produc-
tion runs would be for the intact and the full web depth 
damage states. 
3.7.5. Summary: The Effect of Support Conditions (100 Foot 
Multigirder Bridge, Intact or Damaged, HS20-44 Vehicle 
Load). 
1. Both the expansion-fixed and fixed-fixed sup-
ports.reduce deformation in comparison to the expansion-
expansion supports; the reduction is substantially greater 
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for the fixed-fixed supports. 
2. The response due to the expansion-fixed sup-
ports is primarily a live load phenomena; the fixed-fixed 
response is attributable to both live load and dead load 
effects. 
3. Both the expansion-fixed and fixed-fixed sup-
ports reduce the maximum flange stress compared with the 
expansion-expansion supports. The reduction resulting from 
the fixed-fixed supports is considerable. 
4. While both the expansion-fixed and fixed-
fixed support conditions have flange support stresses at 
the longitudinal restraints, they are generally much higher 
for the fixed-fixed support. 
5. There is no appreciable difference between 
the longitudinal slab stresses in an intact multigirder 
bridge with expansion-expansion, expansion-fixed, and 
fixed-fixed supports. For a damaged multigirder bridge, 
the differences are only significant within the central 
quarter of the midspan. Within the central quarter of the 
midspan, both the expansion-fixed and fixed-fixed supports 
reduce longitudinal slab stress in comparison to the 
expansion-expansion supports; the reduction is substan-
tially greater for the fixed-fixed supports. 
6. Both the expansion-fixed and fixed-fixed sup-
ports reduce the cross bracing stresses on both the intact 
and damaged bridges compared with the expansion-expansion 
supports. The reduction resulting from the fixed-fixed 
supports 1s much more considerable. 
7. The key to understanding the effects of 
various support conditions is knowing where and why dif-
ferent reactive forces develop for the different support 
conditions. Getting a "feel" for the push and/or pull of 
the orthogonal restraints at the near and far ends of the 
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six parallel girders at level of the lower flange is criti-
cal to understanding how the rnultigirder bridge are 
responding. 
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4. MODELING OF COMMON MULTIGIRDER HIGHWAY BRIDGES FOR 
NONLINEAR INELASTIC DAMAGE ANALYSIS. 
4.1. Introduction. 
The Phase I model using program SAPIV assumed 
linear elastic properties for all structural materials. 
The structural steel and the slab concrete were given 
specific material properties which remained fixed 
throughout the analysis. No consideration was made for 
cracking or crushing of the reinforced concrete, yielding 
of the steel girders, or buckling of any structural com-
ponent. While this type of linear elastic analysis is of-
ten quite adequate for an intact bridge under normal loads, 
it's total accuracy is questionable once the structure is 
overloaded and/or damaged. 
The Phase I results detailed in the previous sec-
tion chapter indicate that there may be several sources of 
nonlinear-inelastic action in an overloaded and/or damaged 
multigirder bridge. The most prominent include: 
1. High tensile stresses in the concrete in the 
longitudinal direction in the vicinity of the damaged gir-
der (G6) indicating that there may be slab cracking in the 
transverse direction near the midspan of the exterior gir-
der. 
2. High tensile stresses in the transverse 
direction·in the area around G4 and G5 indicating that 
there may be slab cracks in the longitudinal direction near 
these two girders. This high tensile stress occurs when 
overloading 
the damaged 
3. 
the intact structure or under normal loading of 
structure. 
High tensile stresses in the lower flange of 
G5 exceeding the AASHTO allowable "operating rating" ten-
89 
sile stress when the damaged structure is overloaded, in-
dicating the possibility of girder yielding. 
While the above items are the most prominent 
sources of nonlinear behavior evidenced from the Phase I 
study, there is another source of concern anytime cracking, 
crushing, yielding, or instability occurs. That is, how is 
the load redistributed once failure of a specific portion 
of a structure occurs. While the Phase I study can indi-
cate what areas are initially overstressed, it gives very 
little assistance to the analyst in determining how the 
load is redistributed after initial material failure oc-
curs. It also fails to identify the extent of damage oc-
curring as a result of this redistribution. Hence, an 
analysis tool is needed that provides for the inelastic be-
havior of structural components so that these issues can be 
examined. These are some of the areas to be addressed in 
Phase II of this study as described in Chapters 4 and 5 of 
this report. 
4.2. Overview of the Original Version of Bridge OVerload 
Analysis - Steel (BOVAS) Model. 
4.2.1. Introduction. 
Hall and Kostem developed and verified a mathe-
matical model which predicts the overload response result-
ing from the placement of overload vehicles on simple span 
or continuous rnultigirder highway bridge superstructures 
with steel !-girder and a reinforced concrete deck (Ref. 
18). A computer program with the acronym BOVAS (Bridge 
OVerload Analysis - Steel) was developed in order to solve 
the mathematical model. This program has been fully tested 
and verified, and developed into a recognized production 
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tool for practicing bridge engineers {Ref. 22). 
BOVAS employs the finite element method for the 
analytical modeling of the superstructure. The bridge su-
perstructure is divided into a series of plate and beam 
finite elements {Fig. 161) which are interconnected at dis-
crete node points (Fig. 162). These finite elements are 
then further subdivided into layers in order to facilitate 
the inclusion of material nonlinearities in the analysis 
(Fig. 163). 
Inclusion of material nonlinearities necessitates 
adoption of a particular solution scheme other than that 
used for linearly elastic problems. Thus BOVAS uses a tan-
gent stiffness, or piecewise linear solution process, to 
simulate the expected inelastic response. The loads are 
applied in a series of load increments or load steps in or-
der to allow for changes in the overall structural stiff-
ness due to nonlinear response. Within each of these load 
increments iterations may take place to ensure convergence 
of the solution. This tangent stiffness solution process 
in BOVAS provides a continuous description of the struc-
tural response from initial load levels in the elastic 
range up to the termination load levels. 
The BOVAS model has demonstrated that it can 
adequately reflect the structural characteristics of the 
actual structure (Ref. 22). BOVAS reliably describes the 
inelastic response of beam-slab highway bridge superstruc-
tures with steel girders and a reinforced concrete deck 
slab by including the llowing phenomena in its 
formulation: 
1. The out-of-plane or flexural behavior of the 
structure. 
2. The in-plane response of the girders and slab 
due to eccentricity of the girders. 
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3. The coupling action of the in-plane and out-
of-plane responses. 
4. Material nonlinearities. 
5. Shear deformation of the girders. 
6. Local instability of the girder and/or girder 
flanges or webs, and any associated post-buckling behavior. 
The application of out-of-plane loads to the 
bridge superstructure produces both in-plane and out-of-
plane response in the slab and girders. This interdepen-
dence between in-plane and out-of-plane actions is commonly 
referred to as coupling action. While coupling has little 
effect on the structural response in the elastic region, it 
does have a significant effect on the inelastic or non-
linear structural response as explained in detail in Fritz 
Laboratory Report No. 400.20 (Ref. 37). 
Since the response due to overloading is expected 
to cause nonlinear stress-strain behavior, the complete 
stress-strain relationships of the component materials must 
be included. The analysis scheme developed by.Hall and 
Kostem for BOVAS utilizes the biaxial stress-strain 
relationships developed in Refs. 30, 32, 33, 35, and 40 to 
describe the inelastic behavior of concrete slabs, and in 
addition, utilizes the uniaxial stress-strain relations 
developed in Refs. 16, 17, 25, 27, and 41 to describe the 
inelastic response of steel. 
To account for the variation of material 
properties through the depth of the slab and the girders, 
the finite elements used in BOVAS are subdivided into a 
series of layers (Fig. 53). Each layer is assumed to have 
its own distinct mater1al properties and is also assumed to 
be either in a state of uniaxial or biaxial stress. Thus 
the progression of nonlinear behavior through the structure 
can be monitored in BOVAS by defining the stress-strain 
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relationship on a layer by layer basis. 
The basic BOVAS model also reflects the effects 
of shear deformation since plate girders with thin webs of-
ten deflect considerably more than standard beam theory 
would predict. In addition, because plate girders are of 
thin walled open-sections, they are susceptible to local 
buckling phenomena prior to attaining maximum stress condi-
tions. Thus, BOVAS is capable of predicting the occurrence 
of local buckling and any post-bucking strength of such 
sections. 
The above paragraphs present the major structural 
phenomena that effect the behavior of steel bridge super-
structures. The developers of BOVAS excluded some struc-
tural phenomena which were of secondary importance to the 
model's development. Excluded from the BOVAS analysis 
technique are minor axis bending of the girders, shear 
punch failure of the slab, torsional stiffness of the gir-
ders, and superelevation. 
4.2.2, BOVAS Model Assumptions. 
This section will address only the assumptions 
pertinent to the specific features particular to the BOVAS 
program. These assumptions are described in detail in 
Fritz Laboratory Report No. 432.6 (Ref. 18) and are sum-
marized here for the sake of completeness. A detailed 
treatment of the general finite element method as applied 
to BOVAS is presented in a number of related reports and 
references (Refs. 17, 18, 25, 27, 37, 40, and 46) and will 
not be repeated herein. 
The following assumptions were made in the 
development of the BOVAS program. This analytical model is 
presently capable of analyzing steel bridges having the 
following characteristics: 
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1. The bridge can be of simple span or con-
tinuous construction. 
2. Fully or partially composite interaction be-
tween the deck slab and the girders is assumed. 
3. The bridge deck must be a monolithic rein-
forced concrete slab. 
4. Steel girders of varying or constant cross-
section may be considered. 
5. Girder spacings must be constant for a given 
bridge. 
6. The contributions of the diaphragms and 
cross-bracing to the stiffness of the structure are not in-
cluded. 
7. The effects of the vertical and longitudinal 
stiffeners are considered to be local and are neglected in 
the overall structural model. However, the effects of the 
vertical stiffeners are included in the shear panel buc-
kling analysis. 
8. It is assumed that the bridge girders may 
deform in shear and major axis bending. 
9. The stresses in the slab are due to the 
biaxial bending of the slab and the axial forces that may 
develop in the deck slab in the longitudinal and transverse 
directions. 
10. The. bridge superstructures to be analyzed 
are limited to right bridges. 
. 
11. Plane section remain plane before and after 
deformation of the slab and girder except that a Timoshenko 
approach has been used to include shearing deformation in 
the girder. 
12. The plate and beam finite elements are 
layered, each layer having its own stiffness properties, so 
as to accurately model material nonlinearities and progres-
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sive material failure. 
13. When the average stress of all the compres-
sion flange layers of any beam elements exceeds the criti-
cal buckling stress, the compression flange is assumed to 
buckle. In order to model the post-buckling strength, 
layers which exceed the critical buckling stress are as-
signed low stiffness values. Similarly, when the average 
stress of the web plate panel reaches the critical stress 
(buckling stress) all of the web layers of the entire web 
plate panel are assigned lower stiffness values. 
14. Other less significant assumptions can be 
found in the reports related to BOVAS development (Refs. 
16, 17, and 18). 
4.2.3. BOVAS Solution Scheme. 
The BOVAS solution scheme solves the overload 
problem in a logical sequence of operations. The solution 
process consists of four main phases: 
1. Problem definition. 
2. Dead Load Solution. 
3. Scaling Procedure. 
4. Overload Solution Procedure. 
A simplified logical flow chart of the sequence 
of operations for program BOVAS is shown in Fig. 164. More 
detailed descriptions of the four main phases are presented 
in the following subsections based upon the information in 
Ref. 18 and included here for completeness and continuity. 
4.2.3.1. Problem Definition. 
This phase defines the particular problem that 
will be solved. To define the problem, two groups of in-
formation are required to be input into the program. They 
are: 
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1. Bridge description. 
2. Bridge loadings. 
The amount of information required to define the 
bridge is structure dependent. In order to fully describe 
the bridge superstructure and loadings the following infor-
mation must be provided: 
1. Bridge superstructure geometry. 
2. Finite element discretization. 
3. Slab description and material properties. 
4. Girder description and material properties 
by layer. 
5. Location of any web plate panels. 
6. Location and type of any fatigue details. 
7. Dead load acting on the structure. 
8. Live load (''vehicle") to be investigated by 
the program. 
In order to define the loading, the magnitude and 
the location of all loads must be provided. The live load 
is typically positioned such that a worst case analysis 
results. 
4.2.3.2. Dead Load Solution. 
Since the analytical modeling scheme employed by 
BOVAS considers material nonlinearities, which are stress 
dependent, an accurate assessment of the stress state prior 
to the application of the live load is required. Because 
of the possible nonlinear behavior of the structure, Bo~rAs 
cannot employ the principle of superposition. Therefore, 
prior to the application of the live load, the structure 
must be analyzed by BOVAS to obtain the stresses in the 
slab and girders due to the dead load. The initial stress 
state and any material failures or nonlinearities due to 
the application of these dead loads will thus be reflected 
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by the BOVAS program prior to the application of the live 
load. 
4.2.3.3. Scaling Procedure. 
As long as the initial solution due to the over-
load produces a linearly elastic response, BOVAS increases 
the load proportionally to the lowest load level cor-
responding to one of the following element stress 
limitation: 
1 . 60% of the compressive strength of concrete. 
2 . 90% of the tensile strength of concrete. 
3 . 97.5% of the yield strength of the steel. 
4 . 100% of the buckling stress. 
Because BOVAS scales up the initial load level, 
only one elastic solution is obtained. Thus, the number of 
elastic solutions are kept to a minimum. Subsequent solu-
tions will exhibit a nonlinear response. 
However, if the initial solution causes any 
material or stability failure, the initial live load is s-
caled down in order that a linear elastic solution can be . 
obtained. Then the scaled down solution is incremented un-
til nonlinear response occurs. Once nonlinear response 
begins, the overload solution is employed. 
4.2.3.4. Overload Solution. 
The overload solution is solved using a tangent 
stiffness approach {a piecewise 1inearization of the non-
linear phenomena). In ~uch an approach the system of e~ua­
tions is assumed to be(~inear in a given load increment. 
By computing the tangent to a stress-strain curve for each 
layer based upon the current stress state, the layer stif-
fnesses, element stiffness, and ultimately the global 
stiffness is calculated. After calculating the nodal point 
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displacements and element layer strains for the load incre-
ment, the corresponding element layer stresses are obtained 
by BOVAS for the load increment by employing the material 
stress-strain relationships. These incremental stress 
values are added to the total stress state which existed 
prior to the application of the load increment, thus arriv-
ing at a new current stress state. The process is repeated 
(iterated) with a new current stress state until the solu-
tion for the increment converges. If a layer fails during 
the application of the load increment, the load increment 
is scaled down so that the layer stress causes incipient 
failure. Thus, the stiffness matrices are continually up-
dated with each load increment or step. The initial solu-
tion of each load cycle within BOVAS is based upon zero 
stress and displacement increment values; thus, the first 
iteration of each load step is based upon the stiffness 
matrix of the previous load cycle. The overload analysis 
process terminates when one of the specified termination 
checks is exceeded. 
Allowable limits on deflections, live loads, 
stresses, strains, number of cracked/crushed/yielded 
layers, and deck slab crack widths can be specified for the 
reinforced concrete slab and/or steel girders to define the 
serviceability limits of the bridge superstructure. These 
checks are used to terminate the BOVAS overload solution if 
any of the specific serviceability limits is exceeded. 
4.2.4. Practical Considerations Concerning the BOVAS 
Program. 
The present version of BOVAS has its origins in 
the early 1970's based upon the work of Kulicki, Peterson, 
and Kostem (Refs. 25 and 37) dealing with the inelastic 
analysis of reinforced and prestressed concrete beams. 
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During the subsequent decade their original program was 
modified and adapted by several other researchers with 
various programming styles and different end uses. During 
this same period of time, widespread and frequent changes 
in computer operating systems and programming languages oc-
curred. Program BOVAS reflects the diversity of its 
development. Modifications to this program must be ap-
proached with extreme care. 
The resulting program is relatively large and 
complex as is characteristic of many nonlinear finite ele-
ment programs. For example, the program has 80 subprograms 
contained in ten different overlays (Ref. 12). A 
compressed listing of the program's source code is 188 
pages long. Understanding the content and flow of the 
program is a challenge to even the most experienced 
programmer/engineer. 
The input data stream must be prepared and for-
matted with great care. The user manual instructions for 
data input (Ref. 24) is in excess of 200 pages long. 
Executing the program for a single structural 
configuration (1400 degrees-of-freedom) and load case is 
costly and time consuming. An execution run typical of 
this research used about 5500 CPU seconds using a CYBER 850 
computer with the NOS Version 2.4.3 operating system. In 
terms of real time, a single program execution took about 
7.5 hours. 
In conclusion, BOVAS is a long, complex program 
created by multiple researchers over more than a decade of 
development and revision. Use and modification of this 
program must be approached with great care by the re-
searcher. 
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4.2.5. Exercising the Original BOVAS Program. 
Before attempting to modify program BOVAS to suit 
the purposes of this research, the author fully exercised 
program BOVAS to ensure it was operational using the CYBER 
850 computer and its NOS Version 2.4.3 operating system at 
Lehigh University (Ref. 8). Minor cosmetic changes were 
made in the output data for better user readability. All 
user manual examples were attempted in addition to several 
self-generated bridge problems. The resulting output data 
verified the accuracy and operability of program BOVAS for 
properly modeled structures. 
4.3. Bridge OVerload Analysis- Steel- Damaged (BOVAS-D). 
4.3.1. Development of BOVAS-D. 
4.3.1.1. Introduction. 
Program BOVAS is an excellent analytic tool that 
can be used to model the nonlinear-inelastic behavior of 
multigirder bridges. Unfortunately, BOVAS cannot be util-
ized for the nonlinear inelastic analysis of DAMAGED multi-
girder bridges with severe damage. 
Section 4.2 provided an overview of the primary 
features of BOVAS and the assumptions upon which it is 
based. BOVAS assumes full composite action between the 
deck slab and its underlying steel girders, and full con-
tinuity of the structure at all internal node points. The 
last phrase is emphasized since it goes to the heart of the 
difficulty of using BOVAS to model damaged multigirder 
bridges. 
As seen in Fig. 162, beam nodes connect adjacent 
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beam elements. The BOVAS program in its fundamental for-
mulation assumes that there is only one beam node between 
adjacent beam elements and the degrees-of-freedom as-
sociated with that beam node are unique. This is certainly 
a basic assumption for all continuous structures~ unfor-
tunately, severe damage dictates that the structure's con-
tinuity be broken - an impossibility when using the BOVAS 
program. 
The reader is cautioned about thinking of program 
BOVAS in the same manner as today's general purpose finite 
element programs. Unlike a general purpose finite element 
program, BOVAS does not permit the user to define node 
location, node numbering, element numbering, or element 
connectivity. The user input primarily addresses geometric 
and material properties. The only major finite element 
modeling required of the user is selecting the number of 
longitudinal finite elements in the structure {even the 
number of transverse elements are dictated by the program). 
As a special purpose program which addresses multigirder 
bridges only, BOVAS performs all the other modeling func-
tions such as assigning node coordinates, numbering node 
points, determining the number of transverse slab elements, 
identifying fixed and free degrees-of-freedom, and number-
ing the beam/slab elements. However, from its inception 
and throughout its formulation, BOVAS assumes full con-
tinuity of the structure. 
4.3.1.2. Procedure. 
A major task of this research was to modify the 
BOVAS program so that it would allow the modeling of 
damaged multigirder bridges with severe damage to the steel 
girders{s). The most straightforward method of accomplish-
ing this was to break the continuity between beam elements 
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adjacent to the damage at their common node point; in 
violation of the basic assumption of the BOVAS's formula-
tion. 
In order to break the continuity between adjacent 
beam elements, two (rather than one) node points were 
defined at each damage location. Each node point had its 
own unique degrees-of-freedom. These two nodes shared the 
same initial coordinate location, but were not connected in 
any manner. The adjacent beam elements were then defined 
to have different end nodes at their adjacent edges border-
ing the damage. 
Fig. 165 is a simple portrayal of this process. 
The top diagram of Fig. 165 is an elevation view of a por-
tion of the intact bridge model parallel to a steel girder. 
Four neighboring elements are portrayed, i.e. SLAB A, SLAB 
B, BEAM A, and BEAM B. The adjacent slab elements are 
joined at node 3, the adjacent beam elements at node 4. 
The bottom diagram of Fig. 165 portrays the 
bridge modeled for severe damage between BEAM A and BEAM B. 
An extra node (node 7) has been created with the same coor-
dinates as node 4. Nodes 4 and 7 have unique degrees-of-
freedom. Element BEAM A is defined by nodes 2 and 4; ele-
ment BEAM B by nodes 7 and 6. Hence, the girder has now 
been modeled for a full girder depth fracture between BEAM 
A and BEAM B. 
While the concept is very basic in concept, it 
was very difficult in application. Since the entire 188 
page BOVAS program was written based upon full structural 
' continuity, the entire program had to be checked for depen-
dence upon this assumption. 
Several new algorithms had to be written to es-
tablish the damage modeling technique and many of the 
original processes had to be modified to properly incor-
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porate the new procedure. At the same time, the author 
tried to maintain all the beneficial features of the 
original BOVAS program which performed a very sophisticated 
analysis of multigirder bridges for nonlinear-inelastic be-
havior. 
After considerable time and programming effort, 
the above mission was accomplished. The resulting program 
was named Bridge OVerload Analysis - Damaged (BOVAS-D) in 
recognition of its origin and its new capabilities. 
4.3.2. Features of BOVAS-D. 
The new program has maintained most of the 
beneficial features of the BOVAS program as described in 
section 4.2 of this report. The new features incorporated 
into the BOVAS-D program of interest to the user are 
described below. 
1. BOVAS-D can be used for the nonlinear-
inelastic analysis of either intact or damaged multigirder 
bridges. Even though program BOVAS models intact multigir-
der bridges, program BOVAS-D can be used for either intact 
or damaged multigirder bridges. The features of BOVAS-D 
incorporating damage modeling are overridden if the user is 
modeling an intact structure. 
2. BOVAS-D provides for the existence of a full 
girder depth fracture at the damage location. This means 
that the damaged model assumes that the lower flange, en-
tire web, and upper flange is fractured. However, the slab 
above the fracture is assumed to be intact when loadinq 
begins. The reader isc~eminded that the linear elastic 
damage model employed in Chapters 2 and 3 of this report 
employed a lower flange and full web depth fracture; the 
upper flange remained intact. In additional, a special 
feature has been built into the BOVAS-D model which can 
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provide for partial web depth cracks. This is discussed in 
section 4.3.3 to follow. 
3. The BOVAS-D damage does not have to be at any 
specific longitudinal location on the girder. There is 
also no requirement that the damage be on a specific gir-
der. Hence, the damage can be at any longitudinal location 
on any of the parallel girders of a multigirder bridge. 
4. BOVAS-D provides for damage at one or two 
damage locations. The user is not limited to one damage 
location as was done with the previous SAPIV model. 
If there is more than one damage location, there is no 
predetermined relationship between the two damage loca-
tions. That is, they can be on the same girder, neighbor-
ing girders, nonadjacent girders, etc.; the only require-
ment is that the damage locations be different. 
5. The damage input data provided by the user is 
extremely simple. The user inputs the girder number where 
the damage occurs and the longitudinal coordinate of the 
damage. The program will internally compute the location 
of the nearest nodal point to the damage, add the ap-
propriate nodal point{s), break the continuity, and read-
just all internal parameters and algorithms for the new 
connectivity. 
6. In support of the BOVAS-D program, a com-
plete interactive program called "PREBOV" has been written 
to prompt the user for all required input for the BOVAS-D 
program. This program produces a properly formatted input 
data file required by the BOVAS-D program. It is hoped 
that this program will ~lieve the user of some of the 
tedium of preparing a properly organized and formatted data 
file; and make the program more acceptable for general use. 
The details of the required input data file for BOVAS-D and 
the BOVAS-D "preprocessor" are described in Ref. 31. It 
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should be mentioned that the BOVAS-D preprocessing program 
can also be used to prepare input for the original version 
of the BOVAS program. 
7. A complete interactive program called 
"POSTBOV" has also been written in support of BOVAS-D to 
assist the user in analyzing the output file resulting from 
executing the BOVAS-D program. This "postprocessing" 
program allows the user to extract output data that is of 
interest to him/her in a convenient and readable form. The 
user is relieved of the time consuming task of finding and 
extracting data from lengthy BOVAS-D printouts. The 
program was not specifically designed for the models dis-
cussed in the next chapter, and should be of assistance to 
any user of the BOVAS-D program. This program can also be 
used to postprocess data from output files of the original 
version of the BOVAS-D program. 
4.3.3. Additional Feature - The Bilinear Spring. 
In the past decade, elastic-plastic fracture 
mechanics has made advances in relating crack-tip opening 
displacement (CTOD) to the applied stress and crack length 
(Ref. 4). To incorporate present and future advances in 
elastic-plastic fracture mechanics, the BOVAS-D model has 
been modified to allow for the placement of a translational 
spring between the two beam nodes on either side of the 
girder crack(s). 
The model allows each spring to have the 
properties shown in Fig. 166. Each spring can be thought 
of as a axial force member (truss member) with uniaxially 
bilinear properties. Its initial stiffness is defined by 
K0 ) which is valid until the force in the spring is PM. 
When the spring force exceeds PM, the stiffness is KT. 
There is no requirement that the spring have elastic-
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perfectly plastic properties with KT equal to zero. 
The user input to BOVAS-D is actually in terms of 
initial modulus (E0 ), tangent modulus (ET), spring area 
(A), spring length (L), and cut-off stress (SIGMAM). Any 
convenient values can be chosen by the user such that they 
are related to initial stiffness (K0 ), tangent stiffness 
(KT), and cut-off force (PM) by: 
K0 = E0 * A 1 L 
The user must know the characteristics of the 
spring(s) to be used based upon the user's CTOD analysis. 
Each damage location can have its own separate bilinear 
translational spring. The "preprocessing" and 
"postprocessing" programs mentioned in the previous subsec-
tion can be used in conjunction with the bilinear spring 
model. 
Several test runs were conducted to ensure that 
the model responded correctly for various values of K0 , KT, 
and PM. For very large values of K0 , the behavior of the 
model is almost identical to the intact structure. For low 
K0 values, the response parallels the complete girder depth 
damaged structure. Intermediate values of K0 produced a . 
response between these two extreme levels. These inter-
mediate values could logically be used to simulate partial 
girder cracks of lengths determined by a complete CTOD 
analysis. The results achieved were logical. The author 
is confident that the model can be used satisfactorily once 
the CTOD parameters are properly selected for a given crack 
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condition. 
Further investigation of the CTOD approach is 
beyond the scope of this dissertation and left for future 
study. However, it is to emphasized that the model has al-
ready been modified t6 accept a researcher's CTOD 
parameters. No further manipulation of the program code is 
required. 
4.3.4. Limitations of BOVAS-D. 
The assumptions of the BOVAS model were itemized 
in section 4.2.2 of this chapter. The only assumption 
which does not hold for the BOVAS-D model is the assumption 
of full continuity of the structural model. All of the 
other assumptions/limitations of BOVAS hold for the BOVAS-D 
program. 
In addition to the limitations inherent with 
BOVAS, the BOVAS-D program has some limitations unique to 
its use. Some of the more prominent limitations include: 
1. BOVAS-D program will analyze only simple span 
bridges. In contrast, the BOVAS program addresses simple 
or continuous multigirder bridges. 
2. In its present form, the user of BOVAS-D can-
not identify more than two damage locations. 
3. The damage invoked by the BOVAS-D program is 
a full girder-depth fracture (except as provided in section 
4.3.3). 
'4. Nodal points must exist at the presumed 
damage. If this is not the case, the program will place 
the damage at the closest beam nodal point on the given 
girder. 
5. Due to the arbitrary nature of the damage 
location, the program will not allow any symmetry options 
to be used as in the original BOVAS program. 
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Other special considerations for the use of the 
BOVAS-D program are outlined in Ref. 31. 
4.4. The Three Dimensional Model Investigated. 
4.4.1. Actual Structure. 
The basic bridge of investigation in Phase II of 
this research will be the 100 foot multigirder bridge with 
welded A36 steel girders and reinforced concrete deck slab; 
designed for HS20-44 vehicle loading as extracted from Ref. 
13. This is the one of the three multigirder bridges used 
during Phase I of this research. Section 2.1 of this 
report provided a full description of the 100 foot bridge 
to be modeled in this phase of the research. While the 
bridge used for both phases is the same, the reader is cau-
tioned from inferring that the model is the same in the two 
cases. This is definitely not the case as will be dis-
cussed in subsequent sections of this chapter. 
4.4.2. Modeling of the Steel Girders. 
The modeling of the multigirder bridge's parallel 
girders is depicted in Figs. 167, 168, and 169. Fig. 167 
shows that the model includes six parallel girders spaced 
at 94 inches center-to-center. Each of these six girders 
has been divided into 18 longitudinal beam elements of 
varying lengths as depicted in Flg. 168. The finer element 
) discretization is in the vicinity of the midspan where che 
damage to the girder and the maximum longitudinal response 
is anticipated. 
Each of the beam elements is further subdivided 
into 10 layers are depicted in Fig. 169. Four layers com-
prise the girder's web; three layers for each of the 
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girder's flanges. The depth of the layers was dictated by 
the nonprismatic nature of the bridges girders. Flange 
dimensions which were less than the flange's midspan dimen-
sions were modeled by giving certain layers of the steel 
girders an artificially low modulus of elasticity; as if 
they did not exist. 
A summary of the important material properties 
used in the Phase II model of the steel girders is included 
in Table 5. Note that the steel properties are more 
detailed than those required for a linear elastic analysis. 
4.4.3. Modeling the Concrete Slab. 
Fig. 170 depicts how the slab deck was modeled 
for the BOVAS-D analysis. There are 18 longitudinal slab 
elements to insure proper connectivity ~ith the 18 beam 
elements on each girder. The model has 12 transverse slab 
elements; two elements between each adjacent girder and one 
element overhanging each exterior girder. The SAPIV model 
used in Phase I had the same transverse discretization. 
Each slab element is further subdivided into 10 
layers; six concrete layers and four reinforcement layers. 
Fig. 171 depicts the six concrete layers of the slab. The 
dimensions of these layers and important concrete material 
properties have been listed in Table 6. The thickness of 
these layers has been computed to provide a minimum con-
crete cover of 2.50 inches on the top slab surface, and 
1.00 inches at the bottom slab surface. 
The four lay~rs of reinforcing steel are 
described in Table 7. 1 The most important aspect of the 
reinforcing steel layers that should be noted is the orien-
tation of these layers. The top and bottom steel layers 
are oriented in the transverse direction, i.e. perpen-
dicular to the girders; the middle two layers in the lon-
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gitudinal direction, i.e. parallel to the girders. Of 
course, the slab is reinforced more heavily in the 
transverse direction than in the longitudinal direction. 
4.4.4. The Model's Boundary Conditions. 
Since the boundary conditions used in Phase I of 
the study were discussed in great detail (see section 2.5), 
the BOVAS-D support conditions will be briefly described. 
Prior to doing this, the reader must be informed of the 
coordinate system used by the BOVAS-D model as depicted in 
Fig. 162; which differs from the Phase I coordinate system. 
When using BOVAS-D, the x, y, and z coordinate axes are 
oriented in the longitudinal, transverse, and vertical 
directions respectively. 
The BOVAS-D model includes minimal longitudinal 
restraint at the ends of the girders. The only nodes that 
are prevented from translating in the longitudinal (x) 
direction are on the far side of the bridge model at the 
slab level above the beams. Transverse (y) displacement is 
prevented for all nodes at both the near and far end of the 
structure. In addition, 12 nodes are prevented from verti-
cal (z) translation on both the near and far ends of the 
bridge model. These are the 6 beam nodes and the 6 slab 
nodes directly above beam nodes. 
No rotation is allowed about the x (torsional) 
axis or the z (minor axis bending) axis at any node at 
either end of the structure. Rotation is permitted about 
the y (major axis bending) axis. 
These boundc conditions do not exactly match 
any of the three support conditions used in the Phase I 
study of multigirder bridges. However, the BOVAS-D support 
conditions are closest to the expansion-expansion condi-
tions used with the SAPIV model and described in section 
110 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I I 
I 
I 
2.5.2 of this report. 
4.4.5. The Damage States Investigated. 
Section 4.3 described the various features of the 
BOVAS-D permitting up to two damage locations on any girder 
at any longitudinal location. This section also discussed 
the possibility of using a bilinear spring at any damage 
location to model partial web depth cracks. However, this 
research will employ the BOVAS-D model to investigate a 
damage configuration very similar to that used in Phase I 
of this research. 
The only damage state that will be pursued for 
the remainder of this report is severe damage to one ex-
terior girder of the 100 foot multigirder bridge. The im-
posed damage will consist of severing the bottom flange, 
full web depth, and top flange of the exterior girder at 
its midspan. The motivation for doing this is the same as 
expressed for Phase I of the study. That is, while it is 
expected that only a few bridges might ever develop such 
fractures without the damage being noticed, this condition 
server as a useful upper bound. This "damaged" or 
"fractured" condition will be compared to the same bridge 
model when undamaged/intact. 
The reader is again reminded that this study does 
not include the crack tip stresses and fatigue crack 
propagation. In a sense, the damage is "frozen", and then 
the analysis is conducted. 
4.4.6. Loads. 
Due to the anticipated nonlinear behavior of the 
structure, BOVAS-D cannot apply the principle of superposi-
tion. A more detailed discussion of this is included in 
section 4.2.3.2. Therefore, prior to the application of 
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the live load, the structure must be analyzed by BOVAS-D to 
obtain the stresses in the slab and girders due to the dead 
load. As such, all responses reported in the next chapter 
are total effects, i.e., the dead load plus whatever live 
load is placed on the structure at that time. 
The live (vehicle) loads are applied to the model 
in increments as discussed in sections 4.2.3.3 and 4.2.3.4 
of this report. Phase II of the study will use two dif-
ferent live loads; the HS20-44 vehicle and the 204-kip Pen-
nDOT Permit vehicle. These live loads were chosen because 
they provided the minimum and maximum absolute response for 
the parameters investigated in the Phase I study (see sec-
tion 3.3). It was also felt that these two live load types 
were of the most interest to practicing bridge engineers. 
The live loads were positioned in a similar man-
ner to the method used in Phase I of the study. That is, 
the live loads were positioned to ensure the worst practi-
cal effects in the vicinity of the damage location. Figs. 
8, 9, and 10 picture the location of the two vehicles. The 
live load were applied as a series of rectangular wheel 
loads ~sing the guidelines of section 3.30 of Ref. 3 and 
without application of an impact factor. 
4.4.7. Trial Runs. 
Several test runs were made of the BOVAS-D model 
of the 100 foot multigirder bridge to test the programs 
operabili~y and to see if reasonable results were achieved. 
Trial runs were critical since there was no actual physical 
structure with which to compare the model's performance. 
The major source of comparison was the SAPIV model used in 
Phase I of this study. 
It is important to remind the reader that the 
SAPIV and BOVAS-D models are fundamentally very different.~ 
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The models differ in the number of longitudinal elements, 
dimension of the elements, application of the dead load, 
and support conditions. The employment of secondary mem-
bers is completely different for the two models. Even the 
theoretical formulation of the beam and slab elements are 
fundamentally different for the two models. Of course, 
what is most significant is that the SAPIV model assumes 
complete linear elastic behavior of the bridge model, while 
no such assumption is made using the BOVAS-D model. 
However, since one would expect generally corn-
parable results for simple loads of small magnitude on the 
intact models, limited comparisons were made. The purpose 
of the comparisons is simply to confirm the general ac-
curacy of the BOVAS-D model. The reader is reminded that 
comparisons have already been made of the SAPIV model with 
conventional composite beam theory (see section 2.2.4). 
The deflection data is the best comparison be-
tween the two models. Comparing stress at a specific loca-
tion is only approximate since the reported BOVAS stress is 
an average stress over an entire layer of finite 
dimensions; the SAPIV stresses have been extrapolated to a 
specific point. 
The primary trial runs consisted of applying a 
uniform line load of 1 kip per foot over each of the six 
girders in both the SAPIV and the BOVAS-D models. For the 
intact structure the results are reasonably close as can be 
seen frorn•Table 8. All deflection data is with 8% of each 
other; the stress comparisons are also reasonably close. 
The intact BOVAS-D model appears to be more flexible than 
the intact SAPIV model. This is certainly anticipated 
since the BOVAS-D model is without secondary members and is 
governed by nonlinear-inelastic material properties. 
As expected, the SAPIV and BOVAS-D models behave 
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quite differently after damage occurs. Once the BOVAS-D 
model is damaged, the structural response is very nonlinear 
as will be shown in Chapter 5. After damage, the deflec-
tion response away from the damage (in the vicinity of G3) 
is very similar for the SAPIV and BOVAS-D models as can be 
seen from Table 9. The stress results are reasonably 
close. 
After damage, the deflection response in the 
vicinity of the damage (in the vicinity of G5 and G6) is 
considerably different for the SAPIV and BOVAS-D models 
(Tables 10 and 11). The response of the damaged BOVAS-D 
model can be two to three times greater than the damaged 
model . 
Looking at Tables 9 through 11, it appears that 
the damaged SAPIV model distributes the load effects more 
to the remote girders than the damaged BOVAS-D model. As a 
result, the BOVAS-D model creates greater effects in the 
vicinity of the damage. 
A final comparison was made between the SAPIV and 
BOVAS-D models by applying the actual dead load and a 
single HS20-44 vehicle load to the intact structure. 
Tables 12 and 13 show that the cited data corresponds 
within about 16%. Again, the BOVAS-D model appears to 
create the greatest effects in the vicinity of the live 
load; the SAPIV model appear to distribute the largest ef-
fects away from the live load. 
In summary, the limited comparisons between sub-
stantially different models of the same 100 foot multigir-
der bridge are reasonably close. The validity of the 
BOVAS-D model to represent the actual nonlinear-inelastic 
behavior of the intact and damaged structure is confirmed. 
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5. THE NONLINEAR INELASTIC RESPONSE OF A MULTIGIRDER BRIDGE 
5.1. Parametric Study Procedure. 
5.1.1. Data Gathering Process. 
The previous chapter addressed how BOVAS-D was 
used to model the 100 foot multigirder bridge for 
nonlinear-inelastic analysis. The subsequent sections of 
this chapter will discuss the results of using this model 
for the overload and/or damage analysis of this structure 
when loaded with a HS20-44 vehicle or a 204-kip PennDOT 
Permit vehicle. 
The finite element analyses were conducted using 
program BOVAS-D on a CYBER 850 computer using the NOS Ver-
sion 2.4.3 operating system. The BOVAS-D execution runs 
were costly and time consuming. The average execution time 
for 1400 degrees-of-freedom with 30 load steps was 5500 CPU 
seconds for the several runs forming the basis of the Phase 
II research. 
Data output from the execution runs was long and 
detailed. Each output file produced for the reported re-
search is in excess of 2000 pages long. A "postprocessing" 
program called POSTBOV (see section 4.3.2) was developed to 
expedite the data reduction and to strip "nonessential" 
data from the output file. Much of this postprocessed data 
was incorporated into LOTUS 1-2-3 (Ref. 34) spreadsheets 
for fabrication of graphical displays of the results. 
These iterations of da ? reduction produced a final display 
of the critical data o ·most interest to the researcher. 
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5.1.2. Primary Analysis Items. 
Section 3.1.3 discussed the primary items of in-
terest to bridge engineers in understanding intact and 
damaged bridge response using the SAPIV model. While most 
of these same items continue to be of interest when using 
the BOVAS-D model, some of them were not applicable or in-
appropriate. It was felt that the following analysis items 
were of greatest use to bridge engineers: 
1. The deflection profile at the level of the 
slab. As previously discussed for the SAPIV model (see 
section 3.1.3), deflection profiles give the best ''feel" 
for how the structure physically deforms. 
2. The normal stress in the lower girder flange. 
The rationale for including this is the same as previously 
outlined in section 3.1.3. 
3. Load versus deflection graphs. These graphs 
give a very clear picture of the incremental response for 
each load step. Limits of linear behavior can be readily 
identified and associated with other meaningful limit 
states. These graphs sometimes give an indication of the 
maximum load supportable by a structure. 
4. Progression of yielding in the steel girders 
by layers. The BOVAS-D model has a clear advantage over 
most finite element models. It allows the monitoring of 
the load redistribution once nonlinearities begin to occur. 
Since girder yielding is such a critical structural limit 
state, its spread was traced as the live load increased. 
5. Progression of cracking/crushing in the slab. 
Since the BOVAS-D mode ~ontinually adjusts the stress in a 
given layer based upon its cracking/crushing state, 
monitoring the slab stress level throughout the structure 
becomes complex and unmanageable for analysis. Of much 
greater use to the engineer is monitoring the spread of 
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cracking/crushing in the slab. This gives a clear picture 
of load redistribution as the live load is applied and 
incremented. 
5.1.3. Nomenclature and Conventions. 
The BOVAS-D program applies the total load to the 
structure in two stages: the dead load on the structure 
followed by various increments of the live load. The live 
load is not necessarily (and not normally) applied in 
increments matching the vehicle's gross weight. However, 
the live load is always applied via wheel loads in the same 
proportion as that existing for one actual vehicle. For 
example, if an increment of load for the HS20-44 vehicle 
load was 36 kips (or half of the vehicle's gross weight), 
it would be applied by incrementing each wheel load by half 
its actual full vehicle weight. Hence, proper propor-
tionality of all live loads is maintained. Section 4.2.3 
provides further details on this process. 
The live load used were the HS20-44 vehicle and 
204-kip PennDOT Permit vehicle loads with gross weights of 
72 kip. and 204 kips respectively. The researcher found 
that it was useful to normalize these two live loads using 
the same normalization factor. The normalization factor 
used was 72.0 kips, the actual gross weight of one HS20-44 
vehicle load. 
A normalized load will be identified by the let-
ter 11 H11 following a numeric value. For example, a live 
load of 11 5.6H 11 has a magnitude of 403.0 kips (i.e. 
5.6 * 72.0). The context of the narrative will clearly 
identify whether this load is an HS20-44 vehicle or 204-kip 
PennDOT Permit vehicle load. 
As a final note, even though the coordinate sys-
tem of the BOVAS-D model is different from the SAPIV model: 
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{see section 4.4.4), the other conventions of the SAPIV 
model will be used. This includes the girder numbering 
system and use of such terms as "midspan", "centerline", 
"near", "far", "left", and "right" as defined in section 
2.2.5. 
5.2. The Inelastic Overload Response of an INTACT Multigir-
der Bridge. 
5.2.1. Overview. 
The remainder of this chapter will deal with 
presenting the results of the nonlinear-inelastic analysis 
of the 100 foot multigirder bridge. The results will be 
presented in two major sections. The present section will 
address the response of the intact multigirder bridge to 
HS20-44 vehicle and 204-kip PennDOT Permit vehicle loads; 
the next section {section 5.3) will discuss the damaged 
multigirder bridge. The detailed discussion will concern 
the HS20-44 vehicle load; followed by shorter discussions 
emphas_zing the major differences between the 204-kip Pen-
nDOT Permit vehicle and HS20-44 vehicle load responses. 
Table 14 is a tabular summary of all load cycles 
occurring during the analysis of the intact 100 foot multi-
girder bridge for HS20-44 vehicle and 204-kip PennDOT Per-
mit vehicle loading. Even though the results are shown in 
the same ~able, the analyses for the HS20-44 vehicle and 
204-kip PennDOT Permit vehicle loads were accomplished on 
independent runs of the BOVAS-D program. 
Each of the execution runs was terminated after 
28 cycles {increments of load) since it was felt that the 
structure was approaching the upper level of service-
ability. Continuing the loading for more cycles beyond 
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this would involve increasingly small load increments. The 
research was primarily interested in the bridge response 
from zero live load to just passed the serviceability 
limits. Prediction of response beyond this load level is 
of "academic interest". This did not seem warranted based 
upon the uncertain benefit for the high cost in terms of 
computer resources required. 
The first load cycle (i.e. load increment) for 
each load type indicates a value of 0.0. This first cycle 
gives the results when the dead load alone acts on the 
structure; its actual total weight being 734.1 kips. Sub-
sequent load cycles add increments of live load to this 
dead load. 
Table 14 expresses the live load in two ways; its 
absolute value in kips and its normalized ("H") value ob-
tained by dividing the absolute live load value by 72.0 as 
previously described. The table shows that the intact 
structure was loaded to a final live load of 6.2H and 8.6H 
when loaded with the HS20-44 vehicle and 204-kip PennDOT 
Permit vehicle loads respectively. The value of the live 
load at this final cycle of loading has no special physical 
sionificance; i.e. it is not the ultimate or collapse load 
of the structure. 
Presentation of the results for all 28 load 
cycles shown in Table 14 will only be done for select 
cases. A large number of load cycles is difficult or im-
possible io present in a form "digestible" to the reader. 
Hence, the author has selected six load cycles from the to-
tal 28 load cycles for closer examination. An attempt was 
made to choose these six "data points" to represent an 
adequate range of both the linear and nonlinear range of 
bridge response. 
The six data points selected for each live load 
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type are listed in Table 15. Data point number one (DPl) 
in both cases is the dead load response; data point six 
(DP6) is the final load cycle. Data point four (DP4) in 
both cases is the cycle at which girder yielding was first 
observed. The other three data points were chosen to com-
plete the range of expected linear and nonlinear response. 
Before proceeding with more detailed results, a 
preliminary comparison will be noted based upon the data of 
Table 15. Note that the first yield occurs at a 30% higher 
gross live load for the 204-kip PennDOT Permit vehicle load 
(457.8 kips) compared with the HS20-44 vehicle load (353.3 
kips). While this is expected based upon the different 
distribution of the loads; the percentage value of 30% ap-
pears to surface in other results presented in the follow-
ing sections. It is also noteworthy that this exact per-
centage was previously noted as the difference between the 
maximum total lower flange stress of the HS20-44 vehicle 
and 204-kip PennDOT Permit vehicle loaded model of the 100 
foot intact bridge using the SAPIV model. 
5.2.2. Vertical Deflection of an Intact Multigirder Bridge. 
5.2.2.1. HS20-44 Vehicle Loading. 
Fig. 172 depicts the live load versus total 
(DL + LL) midspan deflection curves for all six girders of 
the 100 foot intact bridge with HS20-44 vehicle loading. 
The initial (LL = 0.0) deflection is not zero since the~e 
is a dead load deflection when the live load is first ap-
plied. 
All live load versus midspan deflection curves 
appear to be linear up to the first girder yield which oc-
curs at 4.9H. This linear behavior exists until this point 
even though extensive cracking exists prior to this as will 
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be seen in section 5.2.5. 
Gl and G2 are almost unaffected by the live load 
at the other side of the structure. This is shown very 
dramatically in Figs. 174 and 176 which show the Gl and G2 
deflection profiles for all 28 cycles of live load from 
O.OH through 6.2H. These figures are not presented for ex-
traction of a specific deflection at a specific load cycle; 
but to demonstrate the narrow band of Gl response for 
widely varied loads. As can be seen in Fig. 173 the maxi-
mum Gl deflection shows a very slight upward deflection 
from 1.057" at O.OH to 1.036" at 4.9H. From 4.9H to 6.2H 
the Gl maximum deflection remains at 1.036". The G2 maxi-
mum deflection changes from 0.993" to 1.029" (a 4% 
increase) from O.OH to 4.9H (Fig. 175). After G6 yields at 
4.9H, the G2 deflection only increases to 1.036" as the 
load increases to 6.2H. 
G3 and G4 are only significantly influenced by 
the live load prior to the yielding of G6. This is shown 
most dramatically in Figs. 178 and 180. In each case one 
can clearly see the first nine cycles of response prior to 
the yield of G6. After the yield of G6 at 4.9H, further 
deflection response of either G3 or G4 is limited to a nar-
row band of behavior even though the live load is increas-
ing from 4.9H to 6.2H. Figs. 177 and 179 show the above 
response in more detail. Specifically, there is a 17% and 
54% increase in the G3 and G4 deflection responses respec-
tively as the load changes from O.OH to 4.9H. However, 
from 4. 9H through 6. 2H _there is no further change in th~ G3 
response and only a 2%(~ncrease in the G4 response. 
GS's deflection profile increases significantly 
throughout the entire 28 cycles of loading. There is a 
pronounced change of slope of GS's live load vs. deflection 
curve (Fig. 185) after G6 yields at 4.9H. Specifically the 
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slope of the live load vs. deflection curve (a pseudo-
spring stiffness) is about 258 kips per inch prior to the 
yield of G6; about 140 kips per inch near the final cycles 
of the load. 
The G5 deflection increases by 138% from 0.993" 
at O.OH to 2.363" at 4.9H (the yielding load of G6) as can 
be seen in Fig. 181. After yielding of G6, G5 deflects 
further to 2.908" as the load increases to 6.2H. While 
there has been a 61% increase in the total load (dead load 
plus live load) from O.OH to 6.2H, there has been a 193% 
increase in G5's deflection response. In contrast, the G3 
and G4 deflection increases are 17% and 56% for the same 
increase in the total (dead plus live) load. 
As expected, the most significant pre-yielding 
and post-yielding effects occur at the edge girder, G6, as 
can be seen in Figs. 183, 184, and 186. The G6 deflection 
increases from 1.057" to 3.392" (a 221% increase) as the 
load changes from O.OH to 4.9H (the yield load). The 
deflection increases further to 4.813" at the final load 
cycle of 6.2H. Hence a 61% increase in the total load 
(dead load plus live load) has increased the total G6 
deflection response by 355%. 
The slope of the live load vs. deflection curve 
(Fig. 186) for G6 changes drastically after it yields. 
Prior to yielding at 4.9H, the slope of the live load vs. 
deflection curve is approximately 150 kips per inch. Over 
the final cycle of loading, the slope is only about 36 kips 
per inch. Extension of the live load vs. deflection curve 
indicates that a zero. ·ape will probably occur prior to 
the load reaching 7.0H, or about 40% over the first yield 
level. Whether or not 7.0H represents the actual 
"ultimate" live load, the live load vs. deflection curve 
clearly points out that the structure has significant post-
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yielding reserve strength. 
Figs. 187 and 188 give a different perspective of 
the deflection response of a 100 foot multigirder bridge 
under HS20-44 vehicle loading. These figures show the 
transverse deflection profile at midspan for all (Fig. 188) 
and selected (Fig. 187) load cycles. These curves rein-
force the points made previously: 
1. Negligible live load response of Gl and G2. 
2. Negligible post-yielding live load response 
of G3 and G4. 
3. Significant pre-yielding and post-yielding 
response of G5 and G6. 
In addition, these curves highlight the large 
transverse curvature in the vicinity of G4. This is even 
more pronounced than previously demonstrated for the SAPIV 
models (see Chapter 3). 
5.2.2.2. 204-kip PennDOT Permit Vehicle Loading. 
The live load vs. midspan deflection curves for the 204-kip 
PennDOT Permit vehicle loading (Fig. 189) is qualitatively 
very similar to that for the HS20-44 vehicle loading (Fig. 
172). The major difference is that the gross live load 
limit of linear behavior for the 204-kip PennDOT Permit 
vehicle load is 30% higher than for the HS20-44 vehicle 
load. However, the deflection at the limiting load of 
linear behavior is very close for the two load cases; 3.39" 
for the HS20-44 vehicle load and 3.52" for the 204-kip Pen-
nDOT Permit vehicle load (only a 4% difference). 
As previously seen with the SAPIV model, for the 
same gross vehicle weight the maximum deflection response 
is less for the 204-kip PennDOT Permit vehicle load than 
for the HS20-44 vehicle load. For example, at a load of 
4.0H (within the linear range for both load types) the G6 
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deflection is 2.94" and 2.59" for the HS20-44 vehicle and 
204-kip PennDOT Permit vehicle loads respectively. Out-
side the linear range, the differences are much greater. 
Figs. 190 through 199 are submitted with little 
additional explanation. They exhibit the same characteris-
tics as the equivalent figures for the HS20-44 vehicle 
load. Specifically, they show: 
1. Negligible live load response of Gl and G2. 
2. Negligible post-yielding live load response 
of G3 and G4. 
3. Significant pre-yielding and post-yielding 
response of G5 and G6. 
4. Large transverse curvature in the vicinity of 
G4, especially after the yield of G6. 
It is interesting to compare the midspan deflec-
tion of all six girders at yielding of G6. The comparison 
is shown in Table 16. Note the small difference between 
the midspan deflections of all girders even though the load 
levels are 30% different. It appears that the deflection 
profile of the structure at first yield is independent of 
live 1 ad type. 
The live load vs. deflection curve of G6 for the 
intact bridge with 204-kip PennDOT Permit vehicle loading 
(Fig. 197) shows a pre-yielding slope of about 186 kips per 
inch. Over the final two cycles of load the slope is 
reduced tq about 30 kips per inch. It appears that the 
asymptote of this curve is approximately P = 9.0H. It is 
interesting to note that this asymptote is about 30% higher 
than the asymptote for the HS20-44 vehicle loading 
(P = 7.0H); approximately the same percent difference as 
the percent difference between the two loading's initial 
yield loads. The live load vs. deflection curve clearly 
depicts the significant post-yielding capacity of the in-
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tact structure which appears to be almost 40% higher than 
the first yield load. 
5.2.3. Girder Lower Flange Stress in an Intact Multigirder 
Bridge. 
5.2.3.1. HS20-44 Vehicle Loading. 
The Gl and G2 lower flange stresses are barely 
effected by increases in the live load as can be seen in 
Figs. 200, 201, 202, and 203. In fact, both of these gir-
ders have a 5% decrease in their midspan stress as the live 
load increases from O.OH to 4.9H (the G6 yield). After G6 
yields, the Gl and G2 lower flange stress remains almost 
constant for the remaining load cycles. G3 is also ef-
fected very little by live load increases (Fig. 205). The 
lower flange stress is 8.44 ksi at O.OH and 8.60 ksi at 
6.2H. This represents only a 2% stress increase as the to-
tal (dead load plus live load) load increases by 61%. 
G4 exhibits a particularly interesting behavior 
as seen in Figs. 206 and 207. When the load changes from 
O.OH to 4.9H (the G6 yield), the G4 flange stress increases 
44% from 8.44 ksi to 12.17 ksi. Further increases of load 
above 4.9H results in a decrease in the G4 flange stress 
such that it is 11.73 ksi at the last load cycle of 6.2H. 
Hence the increase of live load from 4.9H to 6.2H (a 26% 
increase) results in a small decrease (4%) in stress. 
Hence, while there is a significant pre-yielding stress in-
crease, the post-yielding stress change is of little en-
gineering significance. 
G5's flange stress increases appreciably both 
before and after the yielding of G6 as can be seen in Figs. 
208 and 209. Its lower flange stress increases 163% from 
8.82 ksi at O.OH to 23.21 ksi at 4.9H (the G6 yield). 
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After G6 yields, as the live.load increases from 4.9H to 
6.2H (a 26% increase), GS's lower flange stress increases 
from 23.21 ksi to 29.31 ksi (a 26% increase also). Hence 
GS is the only girder experiencing a significant post-
yielding increase in its midspan flange stress. 
While it is somewhat interesting to note that the 
percent increase in GS's post-yield stress is approximately 
equal to the percent increase in the post-yield live load 
(26% in both cases), this is only coincidental. The post-
yield relationship between live load and the GS maximum 
lower flange stress is not linear as can be seen in Fig. 
210. It is interesting to note that the extension of this 
figure appears to indicate the yielding of GS will occur at 
approximately 7.0H. Note that a load of 7.0H was the ap-
proximate asymptote of the G6 live load vs. deflection 
curve for the intact structure as pointed out in section 
5.2.2.1. 
Figs. 211 and 212 show the G6 lower flange stress 
as the live load increases. As expected, G6 has the 
greatest lower flange stress because of the live load's 
location. Even though the maximum flange stress remains 
the same after the load of 4.9H is reached, there is ap-
preciable longitudinal load redistribution as the live load 
is increased. The extent of this "plastification" will be 
described in more detail in section 5.2.4. 
In summary, Figs. 213 through 218 show the 
relationship between the lower flange stress of all girders 
at each of the six selected load cycles. These figures 
reinforce the points previously detailed: 
1. The Gl, G2, and G3 lower flange stresses are 
virtually unaffected by live load increases occurring at 
the other edge of the structure. 
2. The G4 lower flange stresses only increase 
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significantly prior to the first yield of G6; subsequent 
stress changes are minor. 
3. While both the G5 and G6 flange stresses in-
crease appreciably prior to the first yield; only G5 ex-
periences significant post-yielding midspan stress in-
creases. 
5.2.3.2. 204-kip PennDOT Permit Vehicle Loading. 
Figs. 219 through 230 for the 204-kip PennDOT 
Permit vehicle loading of the intact model are very similar 
to the equivalent curves already discussed for the HS20-44 
vehicle loading. Both type of loads clearly demonstrate 
the same qualitative characteristics itemized in the last 
paragraph of the previous subsection. 
Table 17 lists the midspan lower flange stress of 
Gl through G5 for both the HS20-44 vehicle and 204-kip Pen-
nDOT Permit vehicle loads at the yield load of G6. Even 
though the gross loads are about 30% different at yield, 
the midspan lower flange stress are very close for all gir-
ders. This might indicate that the maximum flange stress 
of each girder at first yield in the structure is indepen-
dent of the live load type. 
Comparison of Figs. 211 and 224 points out a 
qualitative difference between the G6 lower flange stress 
response for the 204-kip PennDOT Permit vehicle compared to 
HS20-44 vehicle loads. There is a more significant lon-
gitudinal load distribution for the 204-kip PennDOT Permit 
vehicle than the HS20-44 vehicle loading. While being 
noted here, this point will be examined more closely in the 
following section. 
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5.2.4. The Girder Yield Pattern in an Intact Multigirder 
Bridge Model. 
5.2.4.1. HS20-44 Vehicle Loading. 
Figs. 231, 232, and 233 are elevation views of G6 
at load levels of 4.9H, 5.6H, and 6.2H. While these 
figures are not drawn to scale in the vertical direction, 
they do properly depict the relative size of the elements 
in the longitudinal direction. The blackened areas depict 
layers of elements which have yielded as of a given load 
level. 
Fig. 231 shows the initial yielding of G6 which 
occurs at a load of 4.9H. Yielding is through about half 
the lower flange depth near midspan, and over a lon-
gitudinal length of about 75 inches. The yielding quickly 
spreads to neighboring flange elements/layers. The first 
web element to yield occurs near midspan at a load level of 
5.3H. Fig. 232 shows that by a load of 5.6H there has been 
extensive yielding of web layers and the extreme flange 
fibers have yielded over about one-fourth of the span. 
The final load cycle is depicted in Fig. 233. By 
a load of 6.2H, G6 has yielded through about half of its 
depth around midspan. There is extensive flange and web 
yielding for about one-fourth of the span. 
These three figures give a clear idea of how 
yielding progresses as the load increases, and how it is 
rapidly spread once it initiates at 4.9H. It is important 
to remind the reader t: t yielding has been confined to 
spreading within G6, and has not spread to adjacent gir-
ders. 
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5.2.4.2. 204-kip PennDOT Permit Vehicle Loading. 
As previously stated, the first yield of the in-
tact bridge with HS20-44 vehicle loading is at a gross load 
of 4.9H; while G6 yields at 6.4H with 204-kip PennDOT Per-
mit vehicle loading as seen in Fig. 234. Initial girder 
web yielding occurs at about 7.0H for the 204-kip PennDOT 
Permit vehicle loading; compared to 5.3H for the HS20-44 
vehicle loading. Hence, the G6 web yields at about a 30% 
higher gross live load for the 204-kip PennDOT Permit 
vehicle load than for the HS20-44 vehicle load. Besides 
these quantitative differences, there is a qualitative dif-
ference in how the yield spreads longitudinally. 
Fig. 233 depicts G6 of the intact bridge with 
HS20-44 vehicle loading at a gross load of 6.2H, or about 
1.3H above its first yield of 4.9H. Fig. 235 shows the 
same girder with 204-kip PennDOT Permit vehicle load at a 
gross load of 7.7H, or about 1.3H above its first yield of 
6.4H. Hence, the figures show G6 at the same increment of 
load a· ove yield for each of the load types. While the 
HS20-44 vehicle loaded intact bridge with a load of 6.2H 
has about 13% of its web yielded to its half depth; none of 
the 204-kip PennDOT Permit vehicle loaded bridge with a 
load of 7.7H has yielded to that degree. The HS20-44 
vehicle loaded bridge has flange yielding over about 33% of 
G6's length; the 204-kip PennDOT Permit vehicle loaded 
bridge has flange yielding over about 50% of G6's length. 
Hence, for an equivalent increment of load above yield, the 
HS20-44 vehicle load P. iuces deeper yielding while the 
204-kip PennDOT Permit vehicle loading produces wider 
yielding. 
As expected, the wider pattern of yielding for 
the 204-kip PennDOT Permit vehicle load is very nonsym-
129 
metrical with respect to the midspan. The yielding is much 
more pronounced at the far half of the structure compared 
to the near half. This is due to the fact that the front 
four axles of the 204-kip PennDOT Permit vehicle load are 
far forward as seen in Fig. 11. 
The final cycle of 204-kip PennDOT Permit vehicle 
loading is depicted in Fig. 237. This load is about 2.2H 
above G6's first yield. Note that the midspan of the gir-
der has yielded more than half way through, and flange 
yielding has extended to about 58% of the G6 length. 
5.2.5. Reinforced Concrete Slab Cracking/Crushing Patterns 
for an Intact Multigirder Bridge Model. 
5.2.5.1. Overview. 
Presentation of the reinforced concrete slab 
results will be very qualitative. It is felt that this 
will give the reader an appreciation for slab behavior on 
multigirder bridges. The reader is reminded that comparing 
the BOVAS-D model with the SAPIV model for slab stress is 
very imprecise; the BOVAS-D model takes cracking and crush-
ing into effect while the SAPIV model does not. 
This paper will give "snapshots" of the slab 
status at the six "data points" discussed in section 5.2.1. 
At each of the six data points every slab element was 
reviewed to see if it had cracked or crushed, and the num-
ber of la¥ers involved. The analysis data has been pic-
torially represented on a plan view of the reinforced con-
crete slab. The figure has been drawn to approximate scale 
in both the longitudinal and transverse direction. As pre-
viously discussed, there are 12 transverse elements and 18 
longitudinal elements. The bold longitudinal lines (from 
left to right in the figure) represent the orientation of 
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each of the steel girders. Six possible conditions are 
represented for each slab element. They are: 
1. No layers cracked or crushed. 
2. One layer cracked. 
3. Two adjacent layers cracked. This would be 
an indication that the reinforcing steel was exposed. 
4. Three, four, or five,adjacent layers cracked. 
This would be an indication that the reinforcing steel was 
exposed and that the slab was cracked at least half way 
through. 
5. Six adjacent layers cracked. This would in-
dicate that the slab was cracked all the way through its 
depth. 
6. Combined cracking of two or more adjacent 
concrete layers combined with the crushing of two or more 
adjacent layers in the same element. This would be an in-
dication of the possible formation of a "yield line" in the 
concrete slab with the concurrent cracking and crushing of 
multiple concrete and/or steel layers. 
If a specific element had conditions (2) through 
(6) ex sting, the element was marked with the appropriate 
pattern as shown near the bottom of Fig. 238. In this way 
the reader can get a qualitative feel for the progression 
of slab damage as the live load increases. 
5.2.5.2. HS20-44 Vehicle Loading. 
While no slab cracking/crushing occurs when the 
slab is loaded by dead load alone (Fig. 238), initial slab 
cracking does occur at the relatively small load of l.lH 
(Fig. 239). Cracking initiates in the area between G4 and 
G5 near midspan in the top slab surface. These cracks are 
in the longitudinal direction caused by high tensile 
stresses in the transverse direction. Cracking also occurs 
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at the lower surface near the G6 left support. This slab 
crack is diagonal to the longitudinal direction of the su-
perstructure, resulting from the differential movement of 
the slab's nodes at unsupported edges relative to the slab 
nodes over the supports/girders. 
By the time the load reaches 3.2H, most of the 
elements in the neighborhood of G4 have cracked as can be 
seen in Fig. 240. These cracks are a result of the large 
transverse curvature in the vicinity of G4. This large 
transverse curvature was evidenced in both the SAPIV model 
(Fig. 20) and the BOVAS-D model (Fig. 188). Hence these 
cracks are at the top slab surface in the longitudinal 
direction. Notice that several of the elements have ex-
posed reinforcement since two layers are cracked. Cracking 
has also continued in the vicinity of the supports at GS 
and G6. These cracks result from the high shear force in 
the vicinity of the supports resulting in cracks inclined 
at about 40° to 50° to the longitudinal direction. 
Fig. 241 shows the slab status at the yield load 
of G6. Most of the elements neighboring G4 have two or 
three of their top layers cracked. Cracking has also begun 
at the top surface around G3, caused by high transverse 
·tensile stresses near the top surface. Diagonal tension 
cracking continues to increase in the vicinity of the sup-
ports. In fact, all six slab layers have cracked in the 
vicinity of the G6 right support. Longitudinal cracks are 
also pres~nt near the midspan of G6 at the load of 4.9H. 
Figs. 242 and 243 depict the slab situation at 
) 
the post-yielding of 5.6H and 6.2H respectively. The same 
cracking trends already identified continue to dominate 
slab behavior. By 6.2H, most of the longitudinal cracks 
near G4 extend half way through the slab. These cracks 
tend to divide the structure into two separately acting 
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structures: 
1. The top structure defined by G5 and G6 (and 
neighboring slab) which actually carries most of the post-
yield live load. 
2. The bottom structure defined by Gl, G2, and 
G3 which does not participate in supporting the live load. 
Cracks also continue to grow in the vicinity of 
the G5 and G6 supports at both end of the structure. These 
cracks are primarily directed diagonally to the lon-
gitudinal direction. 
5.2.5.3. 204-kip PennDOT Permit Vehicle Loading. 
The cracking pattern of the slab on the intact 
structure under 204-kip PennDOT Permit vehicle loaqing is 
very similar to the pattern under HS20-44 vehicle loading. 
While there are minor differences between the HS20-44 
vehicle and 204-kip PennDOT Permit vehicle slab patterns, 
both are dominated by the following types of cracks: 
1. Longitudinal cracks at the upper slab surface 
in the central 75% of the span in neighboring G4 caused by 
the large transverse curvature of the slab due to the ec-
centric live load. 
2. Diagonal cracks in the lower slab surface 
near the G5 and G6 supports resulting from the differential 
movement of edge nodes relative to nodes over the 
supports/girders. 
For both load cases, initial slab cracking occurs 
at a gross load of l.lu. The similar patterns for the two 
load types can be seer.: i comparing Figs. 240 and 246. The 
gross loads are comparable for these two "snapshots", and 
both loads are less than their respective loads at the 
first yield of G6. The cracking of the HS20-44 vehicle 
loaded slab is only slightly more severe than the 204-kip 
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PennDOT Permit vehicle loaded slab. 
The similarity between load types at the first 
yield of G6 can be seen from comparing 274 and 281. The 
cracking of the 204-kip PennDOT Permit vehicle slab is corn-
parable even though its gross load is 1.5H more than the 
HS20-44 vehicle loaded slab. 
The final "snapshot" of the 204-kip PennDOT Per-
mit vehicle loaded slab is shown in Fig. 249 at 8.6H. All 
slab elements neighboring G4 and the supports at G5 and G6 
have cracked through at least half of the slab depth. 
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5.3. The Inelastic Overload Response of a DAMAGED Multigir-
der Bridge. 
5.3.1. Overview. 
While the previous section described the response 
of the intact 100 foot multigirder bridge model, this sec-
tion describes the damaged bridge response using the BOVAS-
D model. Table 18 is a summary of all load cycles when 
loading the model with the HS20-44 vehicle and 204-kip Pen-
nDOT Permit vehicle loads. The model loaded with HS20-44 
vehicle underwent 28 cycles; the model with 204-kip PennDOT 
Permit vehicle had 27 cycles. 
Table 19 lists the six data points selected for 
closer examination for each of the load types. DPl in both 
cases is the dead load response; DP6 is the final load 
cycle. DP3 and DP4 are the cycles at which the reinforcing 
steel first yields and the girder steel first yields 
respectively. The other two data points were selected to 
complete the range of expected linear and nonlinear 
response. 
Before proceeding with the presentation of the 
detailed results, some preliminary comparisons will be 
made. As seen from Table 19, the first yield of girder 
steel on the damaged model occurs at 2.6H and 3.4H for the 
HS20-44 vehicle and 204-kip PennDOT Permit vehicle loads 
respectively. Each of these live loads represent an ap-
proximate 46% reduction from their intact models levels. 
In other words, for both load cases the live load at first 
girder yield on the da.. _3ed model is about half of the in-
tact live load at first girder yield. The reduction is 
expected; however, the percent reduction being the same for 
each load type is noteworthy. 
Also of interest is that the first girder yield 
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for the damaged model loaded with 204-kip PennDOT Permit 
vehicle occurs at approximately a 30% higher live load 
level than the damaged model loaded with the HS20-44 
vehicle. The is the same percentage as the same relation-
ship for the intact model as described in section 5.2.1. 
There are two major qualitative differences be-
tween the response of the intact and damaged structures 
that should be noted from the beginning of this section. 
First, the intact structure had no observable nonlinear be-
havior under dead load alone. This is not true for the 
damaged structure. As will be seen in the subsequent sub-
sections, under dead load alone the damaged structure has 
large deflections, high girder stresses, and substantial 
cracking of the slab. Hence, a critical state for analysis 
is when dead load acts on the structure alone. 
The second major difference is that the first 
girder yielding on the damaged model occurs on G5, the gir-
der adjacent to the damaged girder rather than on the ex-
terior girder itself. This was expected based on the Phase 
I study (see section 3.2.3). 
5.3.2. Vertical Deflection of a Damaged Multigirder Bridge. 
5.3.2.1. HS20-44 Vehicle Loading. 
The live load vs. midspan deflection curves (Fig. 
250) give an excellent feel for the overall deflection of a 
damaged multigirder bridge. Gl through G4 are virtually 
• 
unaffected by an increase in the live load in the vicinity 
of G5 and G6. The response of G5 is linear up to the load 
that G5 yields (2.6H); G6 is approximately linear up to the 
load at which the reinforcement yields (l.BH). 
The dead load deflection of Gl is virtually iden-
tical for either the intact or damaged bridge (about 1.06") 
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as can be seen by comparing Fig. 172 with Fig. 251. In both 
cases there is a slight upward deflection of Gl as the live 
load increases. Even at a live load of 4.3H, Gl's midspan 
deflection is about the same for both the intact (1.03") 
and the damaged (1.02") structures. Fig. 252 depicts the 
very small range of deflection response of Gl for a wide 
range of live loads varying from O.OH to 4.3H. 
G2 and G3 also display an upward deflection as 
the live load increases. The dead load deformation on the 
damaged structure is slightly less than the dead load 
deflection for the intact structure as can be seen from 
Figs. 175 and 253. That is, the damage itself creates a 
slight upward deflection at the remote girders. However, 
in the case of both G2 and G3, the change in the deflection 
profile is minor throughout all 28 cycles of load. 
The deflection profile of G4 (Figs. 257 and 259) 
is significantly influenced by the live load only after the 
yielding of G5. As the load changes from O.OH to 2.6H (the 
G5 yield), G4's deflection only increases 2% from 0.88" to 
0.90". Upon yielding of G5 at 2.6H, G4's deflection 
respon~e increases more rapidly as the live load increases; 
reaching a maximum value of 1.12" at 4.3H. 
G5's dead load deflection is 59% higher for the 
damaged structure than the intact structure as can be seen 
by comparing Figs. 181 and 259. G5 then experiences sig-
nificant deflection increases throughout the entire 28 
cycles of loading (Fig. 260). Specifically, the maximum 
deflection increases from 1.57" at O.OH to 5.44" at 4.3H, a 
246% increase in the total deflection for a 42% increase in 
the total load. By examining GS's live load vs. deflection 
curve (Fig. 263), one can see that its response is linear 
with a slope of about 115 kips per inch up through its 
yield load of 2.6H. After it yields, there is a pronounced 
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and continual slope decrease; approaching an approximate 
asymptote of about 5.0H. While this asymptote is only an 
approximation, it does show that even the damaged structure 
has significant post-yielding reserve strength. A 40% in-
crease in the post-yielding strength would appear to be 
conservative. 
The maximum dead load deflection of G6 on the 
damaged structure is over four times higher than its maxi-
mum dead load deflection on the intact structure as can be 
seen from Figs. 183 and 261. G6 experiences very large 
deflection increases throughout the entire 28 cycles of 
loading. Its deflection profile is in the exact same shape 
as previously seen with the SAPIV model, i.e., the "middle 
hinge" type profile. Its maximum deflection increases from 
4.38" at O.OH to 19.2" at 4.3H, a 338% increase. Its live 
load vs. deflection curve (Fig. 264) is approximately 
linear (slope of 29 kips per inch) up to the first yield of 
the reinforcement steel at 1.8H. By the final load of 
4.3H, the live load vs. deflection curve's slope is only 
about 12 kips per inch; with an approximate asymptote of 
5.5H. 
Figs. 265 and 266 show the transverse deflection 
profile at midspan for the damaged multigirder bridge. 
These curves dramatically point out the key points dis-
cussed previously concerning the damaged bridge deflection 
response: 
'1. Negligible live load response of Gl, G2, and 
G3. 
2. Negligible pre-yielding live load response of 
G4. 
3. Significant pre-yielding and post-yielding 
response of G5 and G6. 
In addition, these curves highlight the large 
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transverse curvature between G4 and G5. The point of 
greatest transverse curvature appears to have shifted 
toward G5 in comparison to its location close to G4 for the 
intact structure as can be seen by comparing Figs. 188 and 
265. The severity of this curvature is very important in 
understanding the overall response of the damaged struc-
ture. Finally, note the large transverse curvature near G5 
in the presence of dead load alone, which was certainly not 
the case for the intact structure. 
5.3.2.2. 204-kip PennDOT Permit Vehicle Loading. 
The deflection response of the damaged bridge un-
der 204-kip PennDOT Permit vehicle loading (Fig. 267) is 
qualitatively very similar to that for the HS20-44 vehicle 
loading on the damaged bridge (Fig. 250). The major dif-
ference is that the gross load limit for G5's linear be-
havior for the 204-kip PennDOT Permit vehicle.load (3.4H) 
is 30% higher than for the HS20-44 vehicle load (2.6H). A 
30% difference also existed between the gross yield loads 
for the HS20-44 vehicle and 204-kip PennDOT Permit vehicle 
loads on the intact structure (see section 5.2.2.2). 
As ~een with the BOVAS-D model of the intact 
bridge, the maximum deflection response of the damaged 
bridge for the same gross vehicle weight is more for the 
HS20-44 vehicle load than for the 2b4-kip PennDOT Permit 
vehicle load. For example, at a load of 2.5H, the G5 
midspan deflection is 3.16'' and 2.82" for the HS20-44 
vehicle and 204-kip PennDOT Permit vehicle loads respec-
tively. After G5 yiel(_, the difference between the 
deflection profiles of G5 for the same gross vehicle weight 
widens. 
Fig. 268 through 277 are submitted with little 
additional explanation. They exhibit the same general 
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characteristics as the equivalent figures for the HS20-44 
vehicle load on the damaged bridge. Specifically, they 
show: 
1. Negligible live load response of Gl, G2, and 
G3. 
2. Negligible pre-yielding response of G4. 
3. Significant pre-yielding and post-yielding 
response of G5 and G6. 
4. Large transverse curvature between G4 and G5. 
It is interesting to compare the midspan deflec-
tion of all six girders at the initial yield of G6 (see 
Table 20). At the initial yield of G5, the maximum deflec-
tion of the two load types are very close even though the 
gross weight is very different. This indicates that the 
deflection profile of the structure might be independent of 
live load type. 
Unfortunately, no clear asymptote is discernible 
from the live load vs. deflection curve of G5 and G6 on the 
damaged bridge with 204-kip PennDOT Permit vehicle loading. 
Hence no comparison can be made with the asymptote of the 
live load vs. deflection curve of the damaged bridge with 
HS20-44 vehicle load discussed in section 5.2.2. 
5.3.3. Girder Lower Flange Stress in a Damaged Multigirder 
Bridge. 
5.3.3.1. HS20-44 Vehicle Loading. 
As previously noted, the primary difference ~!­
tween the lower flange stress in the intact and damaged 
models is the location of the maximum stress. That is, the 
maximum stress occurs in G6 for the intact structure; in G5 
for the damaged structure. With dead load alone, the maxi-
mum flange stress increases 69% when the structure is 
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damaged as can be seen by comparing Figs. 213 and 290. A 
maximum intact stress of 9.56 ksi (in G6) compared to a 
maximum damaged stress of 16.21 ksi (in G5). 
The Gl flange stress is virtually unchanged as 
the live load increases (Fig. 278). The midspan flange 
stress of 9.65 ksi at O.OH decreases by only 1% to 9.53 ksi 
at 4.3H. The narrow range of the Gl response is dramati-
cally reflected in Fig. 279. 
G2 and G3 experience a gradual decrease in their 
flange stress as the live load increases as can be seen 
from Figs. 280 and 282. This decrease results from the up-
ward deflection discussed in section 5.3.2.2. Specifi-
cally, there is a 16% decrease in the midspan lower flange 
stress of G2 from 8.50 ksi to 7.15 ksi as the live load in-
creases from O.OH to 4.3H. The G3 stress decreases by 24% 
from 7.70 ksi to 5.82 ksi during the same loading process. 
A large portion of this change occurs prior to the initial 
yielding of G5. 
The behavior of G4 is particularly interesting, 
and demands close examination of Fig. 284. Under the ini-
tial increments of live load, G4 behaves much like G2 and 
G3; i.e. the flange stress decreases as the live load in-
creases. However, after the initial yield of G5 at 2.6H, 
subsequent increases in the live load induce an increase in 
the G4 lower flange stress. Specifically, as the load in-
creases from O.OH to 2.6H, the G4 midspan flange stress 
decreases from 7.19 ksi to 6.03 ksi (a 16% decrease). Sub-
sequently, increases of load after G5 yields from 2.6H to 
4.3H causes an increas Jf stress in G4 from 6.03 ksi to 
7.80 ksi (a 29% increase). The net effect of total load 
increases of 42% from O.OH to 4.3H is a net 9% increase in 
the G4 stress. In other words, the yielding of G5 causes 
an increased participation of G4 in supporting the live 
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load. 
The behavior of G5 on the damaged structure is 
very similar to that of G6 on the intact structure. This 
is most clearly observed in Figs. 212 and 287. The most 
significant difference is that the initial dead load stress 
is much higher for the damaged structure than for the in-
tact structure. After its initial yield at 2.6H, G5 
develops a definite yield plateau as had been observed with 
G6 after it yielded at 4.9H on the intact structure. The 
extent of this longitudinal "plastification'' will be dis-
cussed further in the next section of this report. 
G5 has a unique response which was not observed 
with G6 on the intact structure. Figs. 286 and 287 show 
that G5's maximum flange stress reaches stress levels ex-
ceeding the yield stress of 36 ksi. This is possible be-
cause BOVAS-D incorporates strain-hardening behavior into 
its material modeling. Because of limited load increments 
at the strain-hardening regime of the stress-strain curve, 
this response will not be studied in any detail. 
G6 on the damaged model demonstrates the expected 
behavior and profile as previously observed for the damaged 
SAPIV model as can be seen by comparing Fig. 288 and 24. 
In both the SAPIV and BOVAS-D models the maximum flange 
stress for one HS20-44 vehicle with dead load occurs at 
about 0.30L. For both models, the maximum stress is about 
7 ksi for one HS20-44 vehicle with dead load. 
·The BOVAS-D model has a grosser element dis-
cretization in the vicinity of the damage than the SAPIV 
model. While the midspan SAPIV beam elements for the 100 
foot bridge are 6 inches long, the BOVAS-D midspan elements 
are 25 inches. Since the stress portrayed in Fig. 288 is 
an average element stress, the reader should not expect the 
midspan element stress to be zero even though they are ad-, 
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jacent to the girder fracture. 
From Fig. 288 it is interesting to note that G6 
has significant load carrying reserve even though it is 
severely damaged. The composite nature of the construction 
allows G6 to contribute to supporting live load despite its 
full girder depth fracture. 
Figs. 290 through 295 depict the relationship be-
tween the lower flange stress of all six girders at each of 
six selected load cycles. These figures reinforce the im-
portant points previously discussed: 
1. The Gl stress is virtually unaffected by live 
load increases. 
2. The G2 and G3 stress decreases in magnitude 
as live load increases. The G2 and G3 lower flange 
stresses are less than the Gl stress. 
3. The G4 lower flange stress decreases prior to 
G5's yield, then increases after G5's yield. 
4. The G5 lower flange stresses are the highest 
of all the girders on the damaged structure. G5 first 
yields at the relatively small live load of 2.6H. 
5. Both G4 and G6 demonstrate appreciable flange 
stress increases after the yielding of G5. 
5.3.3.2. 204-kip PennDOT Permit Vehicle Loading. 
Figs. 296 through 307 for the 204-kip PennDOT 
Permit vehicle loading are very similar to the equivalent 
curves already discussed for the HS20-44 vehicle loading on 
the damaged structure. Both type of load clearly 
demonstrate the same qualitative characteristics previously 
itemized in the last paragraph of the last subsection. 
Table 21 lists the midspan stress of all 
unyielded girders at the initial yield of G5. Even though 
the gross live load is about 30% different at yield, the 
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lower flange stresses near midspan are very close for all 
girders. It appears that the midspan lower flange stress 
of all girders at yield are independent of load type. 
By comparing Figs. 288 and 301 for the damaged 
structure, the reader can see that the HS20-44 vehicle 
loads and 204-kip PennDOT Permit vehicle loads distribute 
themselves much differently on G6, the damaged girder. 
Since the 204-kip PennDOT Permit vehicle load has its four 
front axles well forward of the midspan (see Fig. 11), a 
stress "plateau'' has been created at about x = 0.75L. The 
stresses here are much higher than at the same point for 
the HS20-44 vehicle loading of the damaged bridge. For ex-
ample, at the same gross load of 2.5H, the G6 lower flange 
stress at x = 0.75L is 9.70 ksi and 7.50 ksi for the 204-
kip PennDOT Permit vehicle and HS20-44 vehicle loads 
respectively. This is one of the only times we have seen 
greater effects for the 204-kip PennDOT Permit vehicle load 
in comparison to the HS20-44 vehicle load at the same gross 
load. For example, at x = 0.25L and a load of 2.5H on the 
damaged structure, the stress is 7.60 ksi and 9.44 ksi for 
the 204-kip PennDOT Permit vehicle and HS20-44 vehicle 
loads respectively; more similar to the relationship we 
have noted in the previous data examined in this chapter. 
We will examine the longitudinal stress pattern of the 
yielded girder more thoroughly in the next section. 
5.3.4. Tha Girder Yield Pattern in a Damaged Multigirder 
Bridge Model. 
5.3.4.1. HS20-44 Vehicle Loading. 
Fig. 308 shows the initial yielding of G5 occur-
ring at a load of 2.6H. Yielding spreads very rapidly with 
increased live load. By a load of 2.7H, the entire flange 
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has yielded at midspan and for about 150 inches along the 
longitudinal direction as can be seen in Fig. 309. 
Initial girder web yielding of G5 occurs at the 
midspan at a live load,of 3.0H. By 3.4H web yielding has 
spread to about 17% of the girder's length; in addition 
about 30% of the lower flange's length has yielded (Fig. 
310) . 
The final girder "snapshot" (Fig. 311) is 
portrayed at the final cycle of 4.3H. Note that the web 
has yielded more than halfway through at midspan and that 
30% of the web's length has partially yielded. Almost half 
of the lower flange has completely yielded. 
Comparison of the yield patterns of G5 on the 
damaged bridge with G6 on the intact bridge show very 
similar results for a given increment of load above yield 
load. The biggest difference is that yield in the damaged 
structure initiates at 2.6H, in the intact structure yield-
ing begins at 4.9H. 
5.3.4.2. 204-kip PennDOT Permit Vehicle Loading. 
As already stated, the first yield of the damaged 
bridge with HS20-44 vehicle loading is at a gross load of 
2.6H; while G5 yields at 3.4H with 204-kip PennDOT Permit 
vehicle loading {a 30% increase). The initial yielding 
pattern is shown in Fig. 312. Initial girder web yielding 
of the damaged bridge with 204-kip PennDOT Permit vehicle 
loading occurs at the midspan at 3.9H, a 30% increase over 
the live load level at ~·eb yielding on the damaged bridge 
'· 
with HS20-44 vehicle l6ading. 
Fig. 313 depicts G5 at a load of 4.4H after ex-
tensive yielding of its lower flange and lower web. This 
figure is very similar ·to the HS20-44 vehicle loading of 
the damaged bridge at 3.4H {see Fig. 310) even though there 
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is a 30% difference in the live load. The main difference 
is that for the HS20-44 vehicle loading the spread of the 
yield is short of the midspan; the 204-kip PennDOT Permit 
vehicle load spreads the yield on the far side of the 
midspan. 
Fig. 315 shows the yield pattern at 5.1H. It is 
interesting to compare this figure with Fig. 311 for the 
HS20-44 vehicle loading of the damaged bridge at 4.3H. The 
two figures are almost mirror images of each other except 
that the HS20-44 vehicle loaded bridge has deeper yielding 
at midspan. As expected, the 204-kip PennDOT Permit 
vehicle loaded bridge is more heavily yielded forward of 
midspan; the HS20-44 vehicle loaded bridge on the near side 
of midspan. 
The yielding pattern of G5 under 204-kip PennDOT 
Permit vehicle loading of the damaged bridge also appears 
to have a more compact pattern than the yielding pattern of 
G6 on the intact bridge. Figs. 235 and 314 depict the 
yielding patterns for G6 on the intact bridge and G5 on the 
damaged bridge. Both figures represent the girder status 
when the 204-kip PennDOT Permit vehicle load is 1.3H above 
their respective initial yield load. Note that the yield 
pattern is more compact and deeper for the G5 yielding 
pattern; wider and less deep for the G6 yielding pattern. 
Hence, the midspan damage is shifting the effects toward 
the midspan of the structure. 
5.3.5. Reinforced Concrete Slab Cracking/Crushing Patte~ns 
for a Damaged Multigirder Bridge Model. 
5.3.5.1. Dead Load Response. 
The most significant difference between the slab 
response of the intact and damaged multigirder bridges is 
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the amount of cracking and crushing under se- :-weight 
alone. As already observed there is no cracking/crushing 
under dead load alone for the intact bridge; minor lon-
gitudinal cracks first appear at l.lH. The damaged model 
behaves much differently. 
Fig. 316 shows the large amount of cracking ex-
isting on the damaged bridge without application of any 
live load. The slab can be regarded as two distinct areas 
separated by a line running longitudinally midway between 
G3 and G4. Half of the slab is completely uncracked and 
undamaged; the other half on the damaged side of the bridge 
has at least two adjacent layers cracked for each element. 
This would indicate that the slab reinforcement is exposed 
throughout the damaged half of the structure. 
With only self-weight acting on the damaged 
bridge, the cracking/crushing patterns generally fall into 
the following categories: 
1. CATEGORY L: Longitudinal cracks caused by 
high tensile stresses in the transverse direction at the 
upper F1ab surface. These cracks are primarily located on 
both sides of G4 and G5, in the central 75% of the lon-
gitudinal length. These cracks could be expected based 
upon the large transverse curvature observed and discussed 
in section 5.3.2 of this paper. 
2. CATEGORY D: Diagonal cracks at the top 
and/or bottom surface of the slab in the vicinity of the G5 
and G6 supports. These cracks also appear in the neighbor-
hood of G6 at about one-third the span. 
3. CATEGORY Transverse cracks at the bottom 
surface of those elements on either side of G6, and about 
25 inches away from the midspan. These cracks are caused 
by high tensile stresses in the longitudinal direction in-
duced by girder damage in their near proximity. 
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4. CATEGORY Y: Concurrent crushing of the top 
slab surface together with cracking of the bottom slab sur-
face in the slab on either side of G6 and adjacent to the 
midspan. Since G6 is fully cracked at this location, the 
slab is supporting the full major axis bending action of 
the composite beam. Hence, both high tensile and compres-
sive stresses are acting in the longitudinal direction, 
creating a "yield line" type crack at the midspan over G6. 
5. CATEGORY C: Cracking by combined action in 
those "transition" areas between the various zone charac-
terized by the categories defined by 1 through 4 above. 
Fig. 317 is a sketch of the slab with the ap-
proximate zones of behavior marked to give the reader a 
more qualitative perspective of slab behavior. 
5.3.5.2. HS20-44 Vehicle Loading. 
Application of live load increases the severity 
of the cracking and crushing of the slab. However, the 
qualitative nature of the cracking/crushing remains about 
the same as the first increments of live load are applied. 
Fig. 318 gives the slab status at a load of l.lH. 
Almost all of the slab on the damaged side of G4 has half 
slab depth cracks. A few elements near the G5 and G6 sup-
ports have cracked through all six layers. The slab of the 
damaged bridge with a load of l.lH is much more severely 
cracked/crushed than the intact bridge with a load of 6.2H. 
'At a load of 1.8H, almost all of the elements on 
the damaged half of the bridge have cracked half way 
through as can be seen from Fig. 319. More than 30% of the 
elements neighboring G6 have cracked through all six 
layers. 
A significant result at a load of 1.8H is that 
the slab reinforcement has yielded for the first time. 
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Specifically, the top layer of transverse reinforcement 
neighboring G5 at midspan has yielded. This yielding 
results from the high tensile stresses in the transverse 
direction due to the large concave curvature around G5. 
Since the concrete has cracked through the top half of the 
slab, the reinforcing steel is the sole remaining load car-
rier. 
By a load of 2.6H, all elements on the damaged 
half of the bridge are cracked half way through as can be 
seen in Fig. 320. Over 65% of the elements neighboring G6 
are cracked all the way through. These cracks are 
generally oriented diagonally to the longitudinal axis of 
the bridge. Yield of the top transverse reinforcing steel 
layer has spread for a longitudinal distance of about 100 
inches on each side of the midspan near G5. In addition, 
by a load of 2.6H there has been compression yielding of 
the longitudinal steel at midspan around the G6 crack. 
This yielding has developed due to the high compressive 
forces that the steel must support after the adjoining con-
crete has crushed. 
Fig. 320 also shows that the concurrent cracking 
and crushing of two or more layers has spread to the 
midspan area near G5 by a live load of 2.6H. However, this 
"yield line" type behavior is much different from the 
"yield line" previously existing around G6 at midspan. The 
one near G5 runs in the longitudinal direction caused by 
large transverse bending; the one near G6 runs in the 
transverse direction caused by large longitudinal bending 
around the G6 crack. 
By a load of 3.4H a very well defined "yield 
line" has formed as can be seen in Fig. 321. It runs 
transverse to the bridge around the G6 midspan, and then 
runs parallel and near to G5. In fact, the transverse 
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reinforcement has yielded to a longitudinal distance of 
about 200 inches on each side of the midspan near G5; that 
is, for about 33% of the span. Both the top and bottom 
transverse reinforcement has yielded in those elements bor-
dering the G5 midspan due to the large amount of 
cracking/crushing in the neighboring concrete. 
The final slab "snapshot" is shown in Fig. 322 
for a load of 4.3H. The longitudinal yield line has now 
spread to more elements neighboring G5. The top transverse 
reinforcement has yielded to a distance of 250 inches on 
each side of the midspan near G5: that is, to over 40% of 
the span. In addition, both the top and bottom layers of 
longitudinal steel have yielded near the G6 midspan. Minor 
cracks have also started to appear for the first time in 
the longitudinal direction around G3 at the top slab sur-
face. 
5.3.5.3. 204-kip PennDOT Permit Vehicle Loading. 
The cracking/crushing patterns of the damaged 
structure under 204-kip PennDOT Permit vehicle loading is 
markedly similar to the pattern under HS20-44 vehicle load-
ing. There are even less differences than those cited pre-
viously between 204-kip PennDOT Permit vehicle and HS20-44 
vehicle loads on the intact bridge. This is so because the 
slab cracking/crushing response of the damaged bridge is 
dominated by the dead load effects. These severe initial 
effects aPe independent of the live load. 
The reader should note the close similarities be-
tween Figs. 318 through 322 and Figs. 323 through 327. For 
both the HS20-44 vehicle and 204-kip PennDOT Permit loads, 
as the live load increases, both slabs crack/crush in a 
very similar manner. The only major difference is that the 
gross load level is greater for the HS20-44 vehicle load at 
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the equivalent slab cracking/crushing levels. · 
The similarity extends through the last reported 
load cycle for the two load types (see Figs. 322 and 327). 
The cracking/crushing pattern is slightly more advanced for 
the HS20-44 vehicle load, even though the gross 204-kip' 
PennDOT Permit vehicle load is about 18% higher. 
5.4. Summary of Significant Findings From the Study of Mul-
tigirder Bridges Using Nonlinear Inelastic Analysis. 
1. The first girder yield for the INTACT 100 
foot steel multigirdei bridge model with composite rein-
forced concrete deck loaded with a static HS20-44 vehicle 
occurs at 4.9H. 
2. When DAMAGED, the gross live load at first 
girder yield is about half of the INTACT level. 
3. When the load is changed to the 204-kip Pen-
nDOT Permit vehicle load, the gross live load at first 
yield for both the _INTACT and DAMAGED models is increased 
by approximately 30%. 
4. There appears to be a minimum of 40% reserve 
capacity above the first yield live load for either the IN-
TACT or DAMAGED bridge models with either HS20-44 vehicle 
or 204-kip PennDOT Permit vehicle loading. 
5. For the same gross vehicle weight, the 
deflection response is less for the 204-kip PennDOT Permit 
vehicle load than for the HS20-44 vehicle load. 
6. The deflection and lower flange stress 
profiles of the INTACT •;)r DAMAGED structure at first yield 
indicates a possible ir;~oependence of live load type. 
7. For the INTACT bridge model, the live load 
versus midspan deflection curves for all girders are linear 
up to the first girder yield. 
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8. The deflection profiles of the INTACT model 
for either live load show: 
a. Negligible live load response of Gl and 
G2. 
b. Negligible post-yielding live load 
response of G3 and G4. 
c. Significant pre-yielding and post-
yielding response of GS and G6. 
d. Large transverse curvature in the 
vicinity of G4, especially after the yield of G6. 
9. The lower flange stress profiles for the IN-
TACT structure with either load type show: 
a. The Gl, G2, and G3 lower flange stresses 
are virtually unaffected by live load increases occurring 
at the other edge of the structure. 
b. The G4 lower flange stresses only in-
crease significantly prior to the first yield of G6; sub-
sequent stress changes are minor. 
c. While both the GS and G6 flange stresses 
increase appreciably prior to the first yield; only GS ex-
periences significant post-yielding midspan stress in-
creases. 
10. After initial yielding occurs on either the 
INTACT or DAMAGED models, the yielding quickly spreads to 
neighboring flange and web elements/layers. 
11. The spread of girder yielding is confined to 
the initially yielded girder for a large increment of live 
load beyond the initial yield level for both the INTACT and 
DAMAGED bridge models. 
12. For an equivalent increment of load above 
yield, the HS20-44 vehicle load produces deeper yielding 
while the 204-kip PennDOT Permit vehicle loading produces 
wider yielding. 
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13. While no slab cracking/crushing occurs when 
the INTACT structure is loaded by dead load alone, initial 
slab cracking does occur at the relatively small load of 
l.lH for either live load type. 
14. By the time the INTACT model reaches its 
first girder yield load for either load type, the slab has 
undergone considerable cracking resulting from the large 
transverse curvature in the vicinity of G4. Most of the 
elements neighboring G4 have two or three of their top 
layers cracked. Very severe diagonal tension cracking ex-
ists in the vicinity of the supports. In fact, all six 
slab layers have cracked in the vicinity of the G6 right 
support. 
15. The slab of the INTACT structure loaded with 
either the HS20-44 vehicle or 204-kip PennDOT Permit 
vehicle load is dominated by the following types of cracks: 
a. Longitudinal cracks at the upper slab 
surface in the central 75% of the span in neighboring G4 
caused by the large transverse curvature of the slab due to 
the ec. antric live load. 
b. Diagonal cracks in the lower slab sur-
face near the G5 and G6 supports resulting from the dif-
ferential movement of the slab's unsupported nodes relative 
to the nodes over supports/girders. 
c. For both load cases, initial slab crack-
ing occurs at a gross load of l.lH. 
16. Under dead load alone the DAMAGED structure 
has large deflections, high girder stresses, and substan-
tial cracking of the s~ ·). 
17. The first girder to yield on the DAMAGED 
model occurs on G5, the girder adjacent to the damaged gir-
der rather than on the exterior girder itself. The yield-
ing does not spread to either adjacent girder within the 
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range of loads of this research. 
18. The response of G5 on the DAMAGED structure 
is linear up to the load that G5 yields; G6 is ap-
proximately linear up to the load at which the reinforce-
ment yields. 
19. The maximum dead load deflection of G6 on 
the DAMAGED structure is over four times higher than its 
maximum dead load deflection on the INTACT structure. 
20. The deflection profiles of the girder on the 
DAMAGED model with either live load type indicate: 
a. Negligible live load response of Gl, G2, 
and G3. 
b. Negligible pre-yielding response of G4. 
c. Significant pre-yielding and post-
yielding response of G5 and G6. 
d. Large transverse curvature between G4 
and G5. The point of greatest transverse curvature appears 
to have shifted toward G5 in comparison to its location 
close to G4 for the INTACT structure. 
21. The lower flange stress profiles of the gir-
ders on the DAMAGED structure show: 
a. The Gl stress is virtually unaffected by 
live load increases. 
b. The G2 and G3 stress decreases in mag-
nitude as live load increases. The G2 and G3 lower flange 
stresses are less than the Gl stress. 
c. The G4 lower flange stress decreases 
prior to G5's yield, then increases after G5's yield. 
d. The G5 lower flange stresses are the 
highest of all the girders on the DAMAGED structure. 
e. Both G4 and G6 demonstrate appreciable 
flange stress increases after the yielding of G5. 
22. With dead load alone on the DAMAGED struc-
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ture, the maximum flange stress increases 69% when the 
structure is DAMAGED; a maximum INTACT stress of 9.56 ksi 
(in G6) compared to a maximum DAMAGED stress of 16.21 ksi 
(in G5). 
23. The behavior of G5 on the DAMAGED structure 
is very similar to that of G6 on the INTACT structure for a 
given live load type. 
24. G6 on the DAMAGED structure has significant 
load carrying reserve even though it is severely damaged. 
The composite nature of the construction allows G6 to con-
tribute to supporting live load despite its full girder 
depth fracture. 
25. The yielding pattern of G5 under either live 
load type on the DAMAGED bridge has a more compact pattern 
than the yielding pattern of G6 on the INTACT bridge. 
26. The most significant difference between the 
response of the INTACT and DAMAGED multigirder bridges is 
the amount of slab cracking and crushing under self-weight 
alone. The slab on the DAMAGED structure can be regarded 
as two distinct areas separated by a line running lon-
gitudi .. ally midway between G3 and G4. Half of the slab is 
completely uncracked and undamaged; the other half on the 
damaged side of the bridge has at least two adjacent layers 
cracked for each element, indicating that the slab rein-
forcement is exposed throughout the damaged half of the 
structure. 
27. For the DAMAGED structure, the first yield 
of slab reinforcement occurs prior to the first yield of 
girder steel (at 1.8H on the model with HS20-44 vehicle 
loading). This first occurs in the top layer of reinforc-
ing steel in the transverse direction near the G5 midspan. 
In addition, at a slightly higher load (2.6H on the model 
with HS20-44 vehicle loading) compression yielding of the 
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longitudinal steel at midspan around the G6 fracture. 
28. The formation of a "yield line" begins under 
dead load alone in the DAMAGED structure. By the final 
cycles of recorded load, this "yield line" is well defined 
and runs transverse to the bridge around the G6 midspan, 
and then runs parallel and near to G5. 
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6. SUMMARY AND CONCLUSIONS. 
6.1. Summary. 
In Chapter l it was noted that a major gap exists 
in the engineering literature in the prediction of the 
structural response of bridges having existing damage. 
While models existed for performing accurate overload 
analyses of steel beam - concrete slab highway bridges, 
little work had been done in quantifying steel bridge 
response when damaged. 
The reported research fully investigated the 
structural response of fractured steel multigirder bridges 
in the region from design load levels to the upper level of 
serviceability. The research was conducted in two major 
phases, each employing separate analytical models of multi-
girder bridge behavior. 
In Phase I the major factor effecting the be-
havior of _damaged multigirder were examined using a geneial 
purpose linear elastic finite element finite element 
program. Detailed three dimensional models were developed 
which included most of the structural detail of actual 
short, medium, and long span FHWA multigirder bridges. The 
multigirder bridge response was quantified in terms of 
deflection profiles in the longitudinal and transverse 
directions, girder lower flange stress, slab stress paral-
lel and perpendicular to the ste~l girders, cross bracing 
stresses, and support reactions. 
The Phase I r~search provided bridge engineers 
with valuable information concerning: 
1. The behavior of multigirder bridges with 
severe damage to a main load carrying member. 
2. The effect of span length on the response of 
157 
a damaged multigirder bridge. 
3. The response of a damaged multigirder bridge 
when overloaded. 
4. The change in the response of a multigirder 
bridge if the damage involves only the fracturing of the 
tension flange or only a partial web depth crack. 
5. The influence of various support conditions 
on the response of a damaged multigirder bridge. 
Key quantitative data has been provided in sup-
port of the five issues addressed above. Much of this data 
has been summarized in section 3.7 of this report. 
The Phase II research investigated the response 
of damaged multigirder bridges beyond the limits of linear 
elastic behavior. An analytical model was developed which 
permitted the complete overload analysis of fractured mul-
tigirder bridges. While this new modeling technique only 
included the bridge's primary load carrying members, it 
realistically incorporates inelastic stress-strain 
relationships, cracking and crushing of concrete, yielding 
and strain hardening of reinforcing and mild steel, buc-
kling of flanges, and buckling of girder webs. 
This nonlinear model was employed to study the 
response of damaged multigirder bridges to normal loads and 
overloads. The response was quantified in terms of load 
versus deflection, longitudinal and transverse deflection 
profiles, and girder lower flange stress. Failure areas 
were identified, and post-failure stress redistribution was 
monitored for the reinforced concrete deck and steel gi--
ders. The key quantitative findings of this phase of the 
overall research problem have been summarized in section 
5.4 of this report. 
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6.2. Conclusions. 
Based upon the analytical data resulting from the 
two separate and independent models of multigirder bridge 
behavior, the following observations and conclusions can be 
noted: 
1. After substantial damage at the midspan of an 
exterior girder of a multigirder bridge the load is 
redistributed, primarily among the structural components in 
the immediate vicinity of the damage. The response of the 
bridge sufficiently away from the damaged girder changes 
imperceptibly. 
2. Simple span steel highway bridges possess 
very large amounts of internal redundancy , i.e. reserve 
strength. After the development of severe damage in an ex-
terior girder, large increases in the stresses and deforma-
tions in the immediate vicinity of the damage are noted. 
However, none of these increases is high enough to result 
in the collapse of the superstructure when loaded with a 
single HS20-44 vehicle, 128-kip Dolly vehicle, or 204-kip 
Pennoo~ Permit vehicle. 
3. The significant effects of damage are located 
on the damaged side of the bridge centerline. This in-
cludes deformation, girder stress, concrete slab stress, 
and reinforcing steel stress as evidenced by both the Phase 
I and Phase II results. 
4. The bridge deck slab plays a critical role in 
the redistribution of the stresses and in the development 
of new load paths. This is especially apparent from the 
behavior of the slab o~ :he nonlinear model which does not 
incorporate secondary members in its formulation. 
5. The determination of the stresses and defor-
mations of steel multigirder bridges with fractured girders 
can be determined with a high degree of accuracy using 
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three dimensional linear elastic finite element models. 
The presence or absence of fractures at predefined loca-
tions can be controlled via element connectivity. The com-
putational requirement in terms of CPU-time is at least an 
order of magnitude faster than the nonlinear finite element 
model. 
6. The linear elastic model is useful and prac-
tical in predicting damaged multigirder response for single 
vehicle loads and overloads up to and including one 204-kip 
PennDOT Permit vehicle. Load levels in excess of this will 
approach girder yield and should employ a nonlinear finite 
element model. 
7. BOVAS-D provides a flexible analytical model-
ing tool for damaged multigirder bridges loaded at levels 
up to the ultimate load of the structure. This program can 
be used with full girder fractures at one or two random 
locations on any steel girder. 
8. For the same load level, the nonlinear model 
produces a greater response in terms of deformation and 
lower flange stress than the linear elastic model. Re-
search data based on the nonlinear model should be con-
sidered conservative. 
9. The cross bracing members appear to play a 
significant role in redistribution of load after the ex-
terior girder is damaged. The relative participation of 
cross bracing versus reinforced concrete deck is impossible 
to determine from this research. 
. 
10. Of the three prototype live loads considered 
in this research, the greatest absolute effects are 
achieved from loading the intact or damaged models with one 
204-kip PennDOT Permit vehicle. For the same gross load, 
the greatest effects are gotten from an axle configuration 
and distribution using the 128-kip Dolly vehicle. 
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11. The pronounced transverse curvature in the 
damaged bridge model is a critical behavior to note and un-
derstand. This is a major source of cracking and non-
linearity in the reinforced concrete deck for both the in-
tact and damaged models. 
12. For a given damage state, the live load 
response decreases as the span increases; the total load 
response increases as the span increases. 
13. Fracturing of only the lower flange at the 
midspan of the "loaded" girder of a multigirder bridge has 
only a minor effect on the response of a multigirder 
bridge, even in the near vicinity of the damage. Half web 
depth cracks have a very significant effect on the response 
of multigirder bridges. A very good estimate of the half 
web depth response is to average the intact and full web 
depth fracture response. This technique should not be used 
for determining stresses (girder or slab) in close 
proximity to the damage area. 
14. Deformations, maximum girder stress, midspan 
cross bracing stress, and slab stresses are reduced on both 
the in~act and damaged structure by changing the support 
conditions from expansion-expansion to either expansion-
fixed or fixed-fixed. The reduction is greatest for the 
fixed-fixed supports. However, the expansion-fixed and 
fixed-fixed supports create compressive flange stress in 
the vicinity of the fixed supports which must be accounted 
for in the design process. 
15. Several quantitative trends of use to prac-
ticing bridge engineers were apparent from this study. 
They include the following: 
a. Doubling the maximum intact deflection 
is generally a good rough estimate of the maximum damaged 
deflection response for either live load alone or total 
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load for loads up to a single 204-kip PennDOT Permit 
vehicle. This estimate should not be used for total loads 
in excess of this since this grossly underestimates the 
maximum deflection for the damage bridge using BOVAS-D. 
b. The peak midspan stress in the first in-
terior girder approximately doubles after the development 
of a severe fracture at the adjacent exterior girder. This 
was evident from both the linear and nonlinear models and 
provides a useful, yet slightly conservative, "rule of 
thumb." This result has practical significance since the 
first interior girder is the most critically stressed gir-
der after damage occurs. 
c. Changing the live load from the HS20-44 
vehicle to the 204-kip PennDOT Permit vehicle increases 
the gross live load at first yield by about 30% for either 
the intact or damaged structure. 
d. The gross live load at first girder 
yield on the damaged structure is about half of the gross 
live load at first girder yield on the intact structure. 
This could be deduced from both the Phase I and Phase II 
results. 
e. There appears to be a minimum of 40% 
reserve capacity after the first yield live load for either 
the intact or damaged bridge models. 
16. After initial girder yielding on either the 
intact or damaged bridges, only the girder(s) neighboring 
the yield~d girder are notably effected (in terms of st~ess 
changes) by subsequent live load increases. 
17. After initial girder yielding on either the 
intact or damaged bridges, further increases of the live 
load cause the spread of yielding only within the initially 
yielded girder for a large additional increment of live 
load. The yielding quickly spreads to the neighboring 
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areas of the flange and web. 
18. Under dead load alone, the damaged structure 
has large deflections, high girder stresses, and substan-
tial cracking of the slab. The formation of a "yield line" 
begins under dead load alone also. As the live load is ap-
plied and increased, this yield line runs transverse to the 
bridge around the G6 midspan, and. then parallel and near to 
G5. 
19. Even though considerable cracking/crushing 
has occurred, the overall linearity of the load versus 
deflection response of the multigirder bridge is a function 
of steel yielding. 
This ~esearch has fully investigated the struc-
tural response of fractured steel multigirder bridges in 
the region from design load levels to the upper limit of 
serviceability. The results will allow bridge engineers to 
have a qualitative and quantitative understanding of actual 
performance of commonly used multigirder bridges after 
fractures have developed. In addition, an analysis tool 
has been developed which permits the bridge engineer to 
predict both the elastic and inelastic response of a 
damaged bridge superstructure in terms of load versus 
deformation, material failure, and instability. 
6.3. Suggestions for Future Research. 
The observations and conclusions presented in 
this report are those that were evident from the models 
studied as past of this research. It would be expected 
that further analytica~ results would confirm these conclu-
sions. However, because the results come from a limited 
number of analytic models, the following recommendations 
are made for future research: 
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l. Investigate the contribution of cross bracing 
and lateral bracing in the redistribution of load in frac-
tured multigirder bridges. For the initial research in 
this area, a linear elastic model should be sufficient for 
capturing the approximate behavior under normal loads and 
overloads. This linear model can be used to study the 
damaged bridges response with and without bracing, and for 
bracing of various stiffness. 
2. Develop a more sophisticated nonlinear damage 
model which includes cross bracing and lateral bracing mem-
bers. The model should incorporate both realistic post-
yielding and buckling behavior of these members. 
3. Examine the possible beneficial effects of 
designing multigirder bridges using fixed supports at all 
bearing ends. In addition to expanding upon the limited 
study provided in Chapter 3 of this report, the design of 
the supports to resist longitudinal and transverse reaction 
forces should be addressed. 
4. Expand the present study of damaged multigir-
der bridges by using two HS20-44 vehicles rather than one 
for both the linear and nonlinear models. These vehicles 
should be placed side by side to cause the greatest effects 
in the vicinity of the damage. The resulting data would be 
of considerable use to practicing bridge engineers. 
5. Investigate and verify more fully the "rules 
of thumb" suggested by the reported research. In par-
ticular, the following patterns of behavior should be 
examined: 
a. The relationship between the maximum in-
tact deflection and the maximum damaged deflection. 
b. The ratio of peak stress on the intact 
and damaged structures. It is suggested that the study 
focus on the response of the girder adjacent to the damaged 
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girder rather than the damaged girder itself. 
c. The relationship between the peak girder 
stress for the HS20-44 vehicle and the 204-kip PennDOT Per-
mit vehicle on the intact and damaged structures. 
d. The relationship between the ultimate 
("collapse") load and the load at the first girder yield 
for the intact and damaged structures. 
6. Implement the use of the BOVAS-D model for 
less severe damage states. While the BOVAS-D model already 
employs bilinear springs at each damage location, research 
must be completed on relating the springs' material 
properties to an accurate CTOD model. 
7. Investigate the use of the "averaging 
technique" for predicting the behavior of less severe 
damage states. This study should accurately model several 
different depths of web cracks and compare the results with 
predictions based on knowing only the intact and fully 
damaged structural response. 
8. Examine the effect of multiple damage loca-
tions 0~ the response of multigirder bridges. This inves-
tigation should also include damage locations that are not 
prepositioned at the bridge's midspan. 
9. Quantify the response of intact and damaged 
multigirder bridges as they approach "collapse" rather than 
terminating at the upper level of serviceability. 
If all of this research is conducted, a more com-
plete understanding of the response characteristics of 
damaged steel multigirder bridge superstructures will be 
established. Thus the ~idge engineer should then have an 
even better capacity for making an accurate assessment of 
the resistance of common highway bridges if they become 
damaged. 
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Table l. SUMMARY OF MULTIGIRDER BRIDGE MODELING USING 
SAPIV. 
MODEL STATISTICS: 
Number of Nodes: 974 
Number of Degrees of Freedom: 4309 (intact} 
4320 (damaged} 
Number of Elements: 1387 (100 ft. span} 
1429 (140 ft. span} 
1471 (180 ft. span} 
ELEMENT SUt•t~.ARY: 
Com:eonent Element Ty:ee Number 
100' 140' 180' 
Reinf Concrete 
Slab Plate Bending 360 360 360 
Lower Girder 
Flanqe Beam 180 180 180 
Plate ~....irder 
Web Plate Bending 360 360 360 
Upper Girder 
Flange Truss 180 180 180 
Curb Beam 60 60 60 
Stiffeners Truss 126 138 150 
Diaphragms Truss 10 10 10 
Cross Bracing Truss 75 105 135 
Supports Boundary 36 36 36 
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Table 2. MODEL TESTING OF INTACT 100 FOOT MULTIGIRDER 
BRIDGE WITH UNIFORM LOAD. 
Item Longitudinal Com:eosite SAP IV % Dif-
Location Beam Theory Model ference 
(X = ) 
Deflection 300.0" 0.549" 0.541" 1% 
400.0" 0.662" 0.641" 3% 
500.0" 0.731" 0.718" 2% 
600.0" 0.755" 0.742" 2% 
Lower Flange 
Stress 325.0" 6.58 ksi 6.11 ksi 7% 
425.0" 6.64 ksi 6.16 ksi 7% 
512.5" 7.12 ksi 6.76 ksi 5% 
562.5" 7.24 ksi 6.88 ksi 5% 
Upper Slab 
Stress, 
Longitud. 325.0" 0.296 ksi 0.260 ksi 12% 
425.0" 0.330 ksi 0.293 ksi 11% 
512.5" 0.353 ksi 0.318 ksi 10% 
562.5" 0.360 ksi 0.319 ksi 11% 
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Table 3. CROSS BRACING STRESS (KSI) ACROSS MIDSPAN FOR 100 
I FOOT MULTI GIRDER BRIDGES WITH VARIOUS DAMAGE CONDITIONS. 
Z= TYPE LC# IN FL WB ww I G1-G2 1 -0.80 
-0.84 -1.25 -1.74 
G2-G3 1 -2.37 -2.50 -3.89 -5.51 
I G3-G4 1 -3.43 -3.66 -6.27 -9.33 G4-G5 1 -2.60 -2.92 -6.52 -10.70 G5-G6 1 -0.67 -0.87 -3.19 -5.36 
I G1-G2 I 1 1. 06 1.12 1.67 2.33 G2-G3 I 1 0.58 0.62 1.13 1.73 
G3-G4 I 1 -0.55 -0.52 -0.20 0.18 
I G4-G5 I 1 -2.58 -2.63 -3.19 -3.86 G5-G6 I 1 -1.68 -2.00 -5.38 -9.99 
I G1-G2 \ 1 -1.54 -1.61 -2.41 -3.34 G2-G3 \ 1 -1.96 -2.08 -3.39 -4.94 G3-G4 . \ 1 -1.43 -1.60 -3.45 -5.60 
G4-G5 \ 1 0.95 0.81 -0.76 -2.53 I G5-G6 \ 1 0.95 1.16 4.32 7.27 
G1-G2 2 -1.51 -1.58 -2.41 -3.37 
I G2-G3 2 -4.50 -4.75 -7.49 -10.69 G3-G4 2 -6.57 -7.04 -12.21 -18.21 
G4-G5 2 -4.98 -5.63 -12.73 -20.95 
I G5-G6 2 -1.31 -1.71 -6.25 -10.44 G1-G2 I 2 2.01 2.11 3.21 4.50 
G2-G3 I 2 1.12 1. 21 2.21 3.38 I G3-G4 I 2 -0.98 -0.92 -0.28 0.47 G4-G5 I 2 -5.04 -5.14 -6.25 -7.58 
G5-G6 I 2 -3.05 -3.69 -10.41 -19.51 
I G1-G2 \ 2 -2.91 -3.05 -4.63 -6.46 
G2-G3 \ 2 -3.74 -3.98 -6.58 -9.61 
I G3-G4 \ 2 -2.82 -3.16 -6.82 -11.05 G4-G5 \ 2 2.00 L71 -1.38 -4.85 G5-G6 \ 2 1. 85 2.28 8.48 14.17 
I G1-G2 3 -··t • 8 3 -1.91 -2.82 -3.88 G2-G3 3 -5.40 -5.67 -8.68 -12.21 
G3-G4 3 -7.66 -8.18 -13.85 -20.48 
I G4-G5 3 -5.86 -6.57 -14.37 -23.45 G5-G6 3 -1.67 -2.10 -7.11 -11.80 
I 
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TABLE 3 (CONTINUED) I 
CROSS BRACING STRESS (KSI) ACROSS MIDSPAN I FOR 100 FOOT MULTIGIRDER BRIDGES 
WITH VARIOUS DAMAGE CONDITIONS. 
Z= TYPE LC# IN FL WB ww I 
G1-G2 I 3 2.45 2.56 3.77 5.19 I G2-G3 I 3 1.27 1. 37 2.47 3.77 G3-G4 I 3 -1.38 -1.31 -0.61 0.22 
G4-G5 I 3 -5.54 -5.66 -6.87 -8.33 
I G5-G6 I 3 -3.74 -4.44 -11.80 -21.80 
G1-G2 \ 3 -3.53 -3.69 -5.42 -7.44 
G2-G3 \ 3 -4.40 -4.66 -7.52 -10.86 I G3-G4 \ 3 -3.06 -3.42 -7.44 -12.12 G4-G5 \ 3 1. 99 1. 68 -1.72 -5.57 
G5-G6 \ 3 2.31 2.79 9.64 16.01 I G1-G2 4 -1.64 -1.76 -3.05 -4.55 
G2-G3 4 -4.13 -4.52 -8.79 -13.77 
G3-G4 4 -5.16 -5.88 -13.92 -23.30 I G4-G5 4 -4.35 -5.34 -16.41 -29.24 
G5-G6 4 -1.52 -2.09 -9.20 -15.79 
G1-G2 I 4 2.21 2.36 4.08 6.10 I G2-G3 I 4 -0.04 0.10 1. 65 3.49 
G3-G4 I 4 -1.14 -1.05 -0.06 1.11 I G4-G5 I 4 -3.14 -3.30 -5.03 -7.09 G5-G6 I 4 -3.54 -4.55 -14.99 -29.16 
G1-G2 \ 4 -3.40 -3.62 -6.08 -8.93 I G2-G3 \ 4 -2.52 -2.88 -6.94 -11.66 
G3-G4 \ 4 -2.01 -2.53 -8.23 -14.83 
G4-G5 \ 4 0.33 -0.08 -4.92 -10.35 I G5-G6 \ 4 2.09 2.80 12.49 21.45 
G1-G2 5 -2.35 -2.51 -4.20 -6.18 
I G2-G3 5 -6.26 -6~77 -12.39 -18.95 G3-G4 5 -8.30 -9.26 -19.86 -32.18 
G4-G5 5 -6.74 -8.05 -22.62 -39.48 
G5-G6 5 -2.16 -2.92 -12.26 -20.87 I G1-G2 I 5 3.15 3.36 5.62 8.27 
G2-G3 I 5 0.49 0.68 2.73 5.14 I G3-G4 I 5 -1.57 -1.45 -0.14 1. 40 G4-G5 I 5 -5.60 -5.81 -8.09 -10.81 
G5-G6 I 5 -4.90 -6.24 -20.02 -38.68 
I 
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TABLE 3 (CONTINUED) 
I CROSS BRACING STRESS (KSI) ACROSS MIDSPAN FOR 100 FOOT MULTIGIRDER BRIDGES 
WITH VARIOUS DAMAGE CONDITIONS. 
I Z= TYPE LC# IN FL WB ww 
I G1-G2 \ 5 -4.77 -5.06 -8.30 -12.05 G2-G3 \ 5 -4.30 -4.78 -10.13 -16.33 G3-G4 \ 5 -3.41 -4.09 -11.60 -20.28 
I G4-G5 \ 5 l. 38 0.82 -5.54 -12.67 G5-G6 \ 5 3.00 3.92 16.64 28.35 
G1-G2 6 -2.68 -2.84 -4.61 -6.69 
I G2-G3 6 -7.16 -7.69 -13.58 -20.47 G3-G4 6 -9.39 -10.40 -21.50 -34.45 
G4-G5 6 -7.62 -8.99 -24.26 -41.99 
I G5-G6 6 -2.51 -3.31 -13.12 -22.23 G1-G2 I 6 3.59 3.80 6.18 8.96 
I 
G2-G3 I 6 0.65 0.84 2.99 5.53 
G3-G4 I 6 -1.96 -1.84 -0.47 1.15 
G4-G5 I 6 -6.10 -6.33 -8.72 -11.57 
G5-G6 I 6 -5.59 -6.99 -21.41 -40.96 
I G1-G2 \ 6 -5.39 -5.69 -9.09 -13.03 
G2-G3 \ 6 -4.96 -5.46 -11.07 -17.59 
I G3-G4 \ 6 -3.64 -4.36 -12.22 -21.35 G4-G5 \ 6 l. 37 0.79 -5.88 -13.39 G5-G6 \ 6 3.46 4.42 17.80 30.19 
I G1-G2 7 -0.85 -0.92 -1.79 -2.81 G2-G3 7 -1.76 -2.02 -4.90 -8.26 
G3-G4 7 -1.73 -2.22 -7.65 -13.97 
I G4-G5 7 -1.76 -2.42 -9.89 -18.53 G5-G6 7 -0.85 -1.21 -6.01 -10.43 
I G1-G2 I 7 1.14 l. 25 2.41 3.77 G2-G3 I 7 -0.62 -0.53 0.52 1.76 G3-G4 I 7 -0.59 -0.53 0.14 0.93 
G4-G5 I 7 -0.56 -0.67 -1.84 -3.23 
I G5-G6 I 7 - 86 -2.55 -9.61 -19.16 
G1-G2 \ 7 -1.86 -2.01 -3.67 -5.59 
I G2-G3 \ 7 -0.56 -0.80 -3.55 -6.73 G3-G4 \ 7 -0.59 -0.93 -4.78 -9.23 G4-G5 \ 7 -0.62 -0.90 -4.16 -7.81 
I G5-G6 \ 7 1.14 l. 64 8.16 14.18 
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Table 4. CROSS BRACING STRESS (KSI} ACROSS MIDSPAN FOR 100 
FOOT MULTIGIRDER BRIDGES WITH VARIOUS SUPPORT CONDITIONS. I 
INI'ACI' D.l\MAGED INI'ACT DAMAGED INI'ACT DAMAGED I Z= TYPE LC# E-F E-F E-E E-E F-F F-F 
G1-G2 1 -0.65 -1.25 -0.80 -1.74 -0.53 -0.81 I G2-G3 1 -2.01 -4.05 -2.37 -5.51 -1.67 -2.65 G3-G4 1 -2.98 -6.98 -3.43 -9.33 -2.55 -4.55 
G4-G5 1 -2.26 -7.93 -2.60 -10.70 -1.95 -4.85 
G5-G6 1 -0.57 -3.94 -0.67 -5.36 -0.48 -2.24 I G1-G2 I 1 0.87 1.66 1.06 2.33 0.70 1.07 
G2-G3 I 1 0.52 1.31 0.58 1.73 0.49 0.90 I G3-G4 I 1 -0.43 0.19 -0.55 0.18 -0.27 0.10 G4-G5 I 1 -2.30 -3.07 -2.58 -3.86 -2.02 -2.35 
G5-G6 I 1 -1.43 -7.23 -1.68 -9.99 -1.17 -4.14 
I G1-G2 \ 1 -1.31 -2.46 -1.54 -3.34 -1.04 -1.58 
G2-G3 \ 1 -1.72 -3.72 -1.96 -4.94 -1.45 -2.44 
G3-G4 \ 1 -1.31 -4.26 -1.43 -5.60 -1.16 -2.69 I G4-G5 \ 1 0.89 -1.67 0.95 -2.53 0.86 -0.50 G5-G6 \ 1 0.81 5.34 0.95 7.27 0.69 3.04 
G1-G2 2 -1.22 -2.39 -1.51 -3.37 -1.02 -1.60 I G2-G3 2 -3.77 -7.81 -4.50 -10.69 -3.23 -5.30 
G3-G4 2 -5.66 -13.58 -6.57 -18.21 -5.01 -9.20 
G4-G5 2 -4.30 -15.50 -4.98 -20.95 -3.82 -9.90 I G5-G6 2 -1.10 -7.67 -1.31 -10.44 -0.96 -4.56 
G1-G2 I 2 1.62 3.19 2.01 4.50 1.36 2.13 I G2-G3 I 2 0.99 2.57 1.12 3.38 0.95 1.82 G3-G4 I 2 -0.72 0.50 -0.98 0.47 -0.47 0.31 
G4-G5 I 2 -4.48 -6.00 -5.04 -7.58 -4.03 -4.74 I G5-G6 I 2 -2.55 -14.12 -3.05 -19.51 -2.12 -8.47 
G1-G2 \ 2 -2.44 -4.72 -2.91 -6.46 -2.01 -3.13 
G2-G3 \' 2 -3.24 -7.21 -3.74 -9.61 -2.83 -4.90 I G3-G4 \ 2 -2.58 -8.42 -2.82 -11.05 -2.35 -5.55 G4-G5 \ 2 1.87 -3.18 2.00 -4.85 1.82 -1.00 
G5-G6 \ 2 1.57 10.41 1.85 14.17 1.39 6.19 I 
I 
I 
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I TABLE 4 (CONTINUED) 
I CROSS BRACING STRESSES (KSI) ACROSS MIDSPAN 
OF VARIOUS 100 FOOT MULTIGIRDER BRIDGES 
I WITH VARIOUS SUPPORT CONDITIONS 
I IN.rACr DAMAGED INI'ACI' ~ IN.rACr DAMAGED Z= TYPE U:# E-F E-F E-E E-E F-F F-F 
G1-G2 3 -1.38 -2.60 -1.83 -3.88 -1.15 -1.68 
I G2-G3 3 -4.23 -8.44 -5.40 -12.21 -3.59 -5.48 G3-G4 3 -6.18 -14.42 -7.66 -20.48 -5.40 -9.24 
G4-G5 3 -4.74 -16.41 -5.86 -23.45 -4.17 -9.75 
I G5-G6 3 -1.31 -8.25 -1.67 -11.80 -1.16 -4.53 
G1-G2 I 3 1.84 3.47 2.45 5.19 1.53 2.24 
I G2-G3 I 3 1.05 2.70 1.27 3.77 1.01 1.81 G3-G4 I 3 -0.97 0.30 -1.38 0.22 -0.67 0.05 G4-G5 I 3 -4.64 -6.21 -5.54 -8.33 -4.09 -4.72 
G5-G6 I 3 -2.92 -14.88 -3.74 -21.80 -2.41 -8.13 
I G1-G2 \ 3 -2.77 -5.15 -3.53 -7.44 -2.26 -3.29 
G2-G3 \ 3 -3.58 -7.71 -4.40 -10.86 -3.08 -4. 98" 
I G3-G4 \ 3 -2.63 -8.71 -3.06 -12.12 -2.36 -5.29 G4-G5 \ 3 1. 78 -3.50 1.99 -5.57 1. 73 -0.88 G5-G6 \ 3 1.84 11.18 2.31 16.01 1.63 6.16 
I G1-G2 4 -1.32 -3.41 -1.64 -4.55 -1.17 -1.88 G2-G3 4 -3.30 -10.48 -4.13 -13.77 -2.73 -5.21 
G3-G4 4 -4.13 -18.20 -5.16 -23.30 -3.43 -8.48 
I G4-G5 4 -3.55 -23.45 -4.35 -29.24 -3.01 -10.34 G5-G6 4 -1.24 -12.91 -1.52 -15.79 -1.13 -5.50 
I G1-G2 I 4 1. 78 4.57 2.21 6.10 1.57 2.51 G2-G3 I 4 -0.16 2.65 -0.04 3.49 0.00 1.05 G3-G4 I 4 -0.85 1.33 -1.14 1.11 -0.42 0.52 
I 
G4-G5 I 4 -2.55 -5.25 -3.14 -7.09 -1.92 -2.76 
G5-G6 I 4 -2.95 -23.53 -3.54 -29.16 -2.22 -9.81 
G1-G2 \ 4 -2.82 -6.88 -3.40 -8.93 -2.10 -3.45 
I G2-G3 \ 4 -1.96 -9.01 -2.52 -11.66 -1.35 -3.85 G3-G4 \ 4 -1.73 -12.11 -2.01 -14.83 -1.31 -5.16 
G4-G5 \ 4 0.22 -8.75 0.33 -10.35 0.37 -3.04 
I G5-G6 \ 4 1. 72 17.53 2.09 21.45 1.56 7.47 
I 
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TABLE 4 (CONTINUED) 
I 
CROSS BRACING STRESSES (KSI) ACROSS MIDSPAN 
OF VARIOUS 100 FOOT MULTIGIRDER BRIDGES I WITH VARIOUS SUPPORT CONDITIONS 
IN!'Acr DAMAGED INrACI' DAMAGED INrACI' OOMAGED I Z= TYPE LC# E-F E-F E-E E-E F-F F-F 
G1-G2 5 -1.89 -4.55 -2.35 -6.18 -1.67 -2.67 I G2-G3 5 -5.06 -14.24 -6.26 -18.95 -4.30 -7.86 G3-G4 5 -6.82 -24.80 -8.30 -32.18 -5.88 -13.12 
G4-G5 5 -5.59 -31.03 -6.74 -39.48 -4.88 -15.39 I G5-G6 5 -1.77 -16.64 -2.16 -20.87 -1.61 -7.81 
G1-G2 I 5 2.53 6.09 3.15 8.27 2.23 3.57 I G2-G3 I 5 0.32 3.90 0.49 5.14 0.46 1.97 G3-G4 I 5 -1.15 1.64 -1.57 1.40 -0.62 0.72 
G4-G5 I 5 -4.73 -8.19 -5.60 -10.81 -3.93 -5.15 
G5-G6 I 5 -4.06 -30.42 -4.90 -38.68 -3.18 -14.14 I G1-G2 \ 5 -3.95 -9.14 -4.77 -12.05 -3.07 -5.00 
G2-G3 \ 5 -3.48 -12.50 -4.30 -16.33 -2.73 -6.31 I G3-G4 \ 5 -3.00 -16.27 -3.41 -20.28 -2.50 -8.03 G4-G5 \ 5 1.20 -10.26 1.38 -12.67 1.34 -3.55 
G5-G6 \ 5 2.48 22.59 3.00 28.35 2.26 10.62 
G1-G2 6 -2.05 -4.76 -2.68 -6.69 -1.79 -2.75 I 
G2-G3 6 -5.52 -14.87 -7.16 -20.47 -4.65 -8.04 
G3-G4 6 -7.34 -25.64 -9.39 -34.45 -6.28 -13.17 I G4-G5 6 -6.03 -31.93 -7.62 -41.99 -5.23 -15.23 G5-G6 6 -1.98 -17.21 -2.51 -22.23 -1.80 -7.79 
G1-G2 I 6 2.75 6.37 3.59 8.96 2.40 3.67 I G2-G3 I 6 0.38 4.03 0.65 5.53 0.53 1.96 
G3-G4 I 6 -1.40 1.44 -1.96 1.15 -0.81 0.47 
G4-G5 I 6 -4.88 -8.39 -6.10 -11.57 -3.99 -5.14 I G5-G6 I• 6 -4.44 -31.18 -5.59 -40.96 -3.46 -13.80 
' 
G1-G2 \ 6 -4.29 -9.57 -5.39 -13.03 -3.31 -5.16 I G2-G3 \ 6 -3.82 -13.00 -4.96 -17.59 -2.98 -6.39 G3-G4 \ 6 -3.06 -16.57 -3.64 -21.35 -2.51 -7.77 
G4-G5 \ 6 1.11 -10.58 1.37 -13.39 1.24 -3.43 
I G5-G6 \ 6 2.75 23.37 3.46 30.19 2.50 10.58 
I 
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TABLE 4 (CONTINUED) 
CROSS BRACING STRESSES (KSI) ACROSS MIDSPAN 
OF VARIOUS 100 FOOT MULTIGIRDER BRIDGES 
WITH VARIOUS SUPPORT CONDITIONS 
INrACI' DAMAGED INrACI' DAMAGED INI'ACI' 
Z= TYPE LC# E-F E-F E-E E-E F-F 
G1-G2 7 -0.67 -2.16 -0.85 -2.81 -0.64 
G2-G3 7 -1.29 -6.43 -1.76 -8.26 -1.06 
G3-G4 7 -1.15 -11.22 -1.73 -13.97 -0.88 
G4-G5 7 -1.29 -15.52 -1.76 -18.53 -1.06 
G5-G6 7 -0.67 -8.97 -0.85 -10.43 -0.64 
G1-G2 I 7 0.91 2.90 1.14 3.77 0.87 
G2-G3 I 7 -0.67 1.34 -0.62 1. 76 -0.49 
G3-G4 I 7 -0.42 1.13 -0.59 0.93 -0.15 
G4-G5 I 7 -0.24 -2.19 -0.56 -3.23 0.10 
G5-G6 I 7 -1.52 -16.30 -1.86 -19.16 -1.05 
G1-G2 \ 7 -1.52 -4.42 -1.86 -5.59 -1.05 
G2-G3 \ 7 -0.24 -5.29 -0.56 -6.73 0.10 
G3-G4 \ 7 -0.42 -7.85 -0.59 -9.23 -0.15 
G4-G5 \ 7 -0.67 -7.08 -0.62 -7.81 -0.49 
G5-G6 \ 7 0.91 12.18 1.14 14.18 0.87 
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DAMAGED 
F-F 
-1.07 
-2.56 
-3.93 
-5.49 
-3.26 
1.44 
0.15 
0.42 
-0.42 
-5.67 
-1.87 
-1.41 
-2.47 
-2.54 
4.43 
Table 5. GIRDER STEEL PROPERTIES USED IN BOVAS-D MODEL OF 
100 FOOT MULTIGIRDER BRIDGE. 
Yield Stress: 
Young's Modulus: 
Ramberg-M: 
Ramberg-N: 
Strain Hardening Modulus: 
Strain Hardening Strain: 
Ultimate Stress: 
Ultimate Strain: 
Shear Modulus: 
36.0 ksi 
29000.0 ksi 
0.670 
400.0 
900.0 ksi 
0.014 in/in 
58.0 ksi 
0.120 in/in 
11154.0 ksi 
Table 6. SLAB GEOMETRY/MATERIAL PROPERTIES USED IN BOVAS-D 
MODEL OF 100 FOOT MULTIGIRDER BRIDGE. 
Uniaxial Compressive Strength: 
Direct Tensile Strength: 
Initial Modulus of Elasticity: 
Concrete Layer 
l 
2 
3 
4 
5 
6 
Thickness 
1.25 inches 
l. 25 inches 
2.00 inches 
2.00 inches 
0.50 inches 
0.50 inches 
3000.0 psi 
270.0 psi 
3156.0 ksi 
Table 7. REINFORCING STEEL GEOMETRY/MATERIAL PROPERTIES USED 
IN BOVAS-D MODEL OF 100 FOOT MULTIGIRDER BRIDGE. 
Young's Modulus: 29000.0 ksi 
Yield Strength: 60.0 ksi 
Ramberg-M: 0.70 
Ramberg-N: 300.0 
Layer Bar # SEacing Thick. Distance Orientation (inches) (inches) (Note) 
l 5 5.0000 0.06200 2.8125 Transverse 
2 4 13.4286 0.01486 3.3750 Longitudinal 
3 5 7.4545 0.04159 5.5625 Longitudinal 
4 5 5.0000 0.06200 6.1875 Transverse 
Note: Distance from top surface of slab in inches. 
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Table 8. COMPARISON OF SAPIV AND BOVAS-D RESULTS IN THE 
VICINITY OF G3: INTACT 100 FOOT MOLTIGIRDER BRIDGE WITH 
UNIFORM LOAD OF 1 KIP PER FOOT OVER EACH GIRDER. 
Deflection 
@ x=350" 
Deflection 
@ x=600" 
Lower Flange Stress 
SAP IV 
0.601" 
0.741" 
Near Midspan (ksi) 6.92 
Longitudinal Slab 
Stress at Lower 
Surface Near 
Midspan (ksi) 0.200 
BOVAS-D %DIFFERENCE 
0.647" +8% 
0.799" +8% 
7.22 +4% 
0.224 +12% 
Table 9. COMPARISON OF SAP IV AND BOVAS-D RESULTS IN THE 
VICINITY OF G3: DAMAGED 100 FOOT MULTIGIRDER BRIDGE WITH 
UNIFORM LOAD OF 1 KIP PER FOOT OVER EACH GIRDER. 
Deflection 
@ x=350" 
Deflection 
@ x=600" 
Lower Flange Stress 
SAP IV 
0.636" 
0.781" 
Near Midspan (ksi) 7.34 
Longitudinal Slab 
Stress at Lower 
Surface Near 
Midspan (ksi) 0.227 
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BOVAS-D %DIFFERENCE 
0.619" -3% 
0.767" -2% 
6.78 -8% 
0.262 +15% 
Table 10. COMPARISON OF SAPIV AND BOVAS-D RESULTS IN THE 
VICINITY OF GS: DAMAGED 100 FOOT MULTIGIRDER BRIDGE WITH 
UNIFORM LOAD OF 1 KIP PER FOOT OVER EACH GIRDER. 
SAP IV BOVAS-D %DIFFERENCE 
Deflection 
@ x=350" 0.812" 1.003" +24% 
Deflection 
@ x=600" 1.039" 1.249" +20% 
Lower Flange Stress 
Near Midspan 12.72 ksi 12.71 ksi <-1% 
Longitudinal Slab 
Stress at Lower 
Surface Near 
Midspan 0.249 ksi 0.409 ksi +64% 
Table 11. COMPARISON OF SAPIV AND BOVAS-D RESULTS IN THE 
VICINITY OF G6: DAMAGED 100 FOOT MULTIGIRDER BRIDGE WITH 
UNIFORM LOAD OF 1 KIP PER FOOT OVER EACH GIRDER. 
SAP IV BOVAS-D %DIFFERENCE 
Deflection 
@ x=350" 0.901" 1.896" +110% 
Deflection 
@ x=600" 1.333" 3.029" +127% 
Lower Flange Stress 
Near Midspan 3.483 ksi 3.433 ksi 
-1% 
Longitudinal Slab 
Stress at Lower 
Surface Near 
Midspan 0.993 ksi 0.000 ksi 
-100% 
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Table 12. COMPARISON OF SAPIV AND BOVAS-D RESULTS IN THE 
VICINITY OF G3: INTACT 100 FOOT MULTIGIRDER BRIDGE WITH 
HS20-44 VEHICLE LOAD AND DEAD LOAD. 
SAP IV BOVAS-D %DIFFERENCE 
Deflection 
@ x=350" 0.772" 0.805" +4% 
Deflection 
@ x=600" 0.953" 0.995" +4% 
Lower Flange Stress 
Near Midspan 8.97 ksi 8.54 ksi -5% 
Table 13. COMPARISON OF SAPIV AND BOVAS-D RESULTS IN THE 
VICINITY OF G6: INTACT 100 FOOT MULTIGIRDER BRIDGE WITH 
HS20-44 VEHICLE LOAD AND DEAD LOAD. 
SAP IV BOVAS-D %DIFFERENCE 
Deflection 
@ x=350" 1.065" 1.235" +16% 
Deflection 
@ x=·Jo" 1.315" 1.519" +16% 
Lower Flange Stress 
Near Midspan 13.14 ksi 14.71 ksi +13% 
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I Table 14. SUMMARY OF THE LOAD CYCLES FOR THE INTACT BRIDGE 
WITH HS20 -44 VEHICLE AND 204-KIP PENNDOT PERMIT VEHICLE. I 
*****HS20-44***** *****PERMIT****** 
I CYCLE LL LL/72.0 LL LL/72.0 (kips) (kips) 
I 1 0.0 0.00 0.0 0.00 2 38.2 0.53 75.2 1.04 3 76.3 1.06 150.4 2.09 I 4 114.5 1. 59 225.6 3.13 5 152.7 2.12 300.9 4.18 
6 190.9 2.65 376.1 5.22 
I 7 229.0 3.18 451.3 6.27 8 267.2 3.71 457.8 6.36 
9 305.4 4.24 464.1 6.45 10 343.6 4.77 470.1 6.53 I 11 353.3 4.91 485.1 6.74 12 358.3 4.98 493.9 6.86 
13 363.0 5.04 501.2 6.96 I 14 369.0 5.12 504.2 7.00 15 375.3 5.21 506.8 7.04 
16 381.5 5.30 521.8 7.25 
17 390.4 5.42 537.1 7.46 I 18 396.3 5.50 541.4 7.52 19 402.3 5.59 548.5 7.62 
20 403.0 5.60 551.5 7.66 I 21 412.7 5.73 566.5 7.87 22 417.6 5.80 570.8 7.93 
23 418.7 5.81 573.5 7.96 I 24 430.8 5.98 577.0 8.01 25 433.6 6.02 592.1 8.22 
26 435.6 6.05 608.9 8.46 
27 441.3 6.13 615.3 8.55 I 28 446.1 6.20 619.9 8.61 
I 
I 
I 
I 
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Table 15. SUMMARY OF THE CYCLES SELECTED FOR CLOSER REVIEW 
OF THE INTACT 100 FOOT MULTIGIRDER. 
*****HS20-44 Vehicle Loading***** 
GROUP CYCLE LL LL/72.0 REMARKS 
(kips) 
l l 0.0 0.00 Dead load only. 
2 3 76.3 1. 06 Before girder yield. 
3 7 229.0 3.18 Before girder yield. 
4 11 353.3 4.91 First yield of girder 
steel. 
5 20 403.0 5.60 After girder yield. 
6 28 446.1 6.20 Final load cycle. 
*****Permit Vehicle Loading****** 
GROUP CYCLE LL LL/72.0 REMARKS 
(kips) 
1 1 0.0 0.00 Dead load only. 
2 2 75.2 1. 04 Before girder yield. 
3 4 225.6 3.13 Before girder yield. 
4 8 457.8 6.36 First yield of girder 
steel. 
5 21 566.5 7.87 After girder yield. 
6 28 619.9 8.61 Final load cycle. 
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Table 16. DEFLECTION COMPARISON OF ALL GIRDERS AT THE INI-
TIAL YIELD OF G6 ON THE INTACT MULTIGIRDER BRIDGE FOR BOTH 
THE HS20-44 VEHICLE AND 204-KIP PENNDOT PERMIT VEHICLE 
LOADS. 
Girder # 
1 
2 
3 
4 
5 
6 
Deflection 
(HS20-44 
@ 4.9H) 
1.04" 
1.03" 
1.13" 
1.48" 
2.36" 
3.39" 
Deflection 
(PennDOT 
@ 6.4H) 
1.05" 
1.04" 
1.14" 
1.52" 
2.44" 
3.53" 
% Difference 
<1% 
<1% 
<1% 
3% 
3% 
4% 
Table 17. LOWER FLANGE STRESS COMPARISON OF UNYIELDED GIR-
DERS AT THE INITIAL YIELD OF G6 ON THE INTACT MULTIGIRDER 
BRIDGE FOR BOTH THE HS20-44 VEHICLE AND 204-KIP PENNDOT 
PERMIT VEHICLE LOADS. 
Girder # 
1 
2 
3 
4 
5 
Stress 
(HS20-44 
@ 4.9H) 
9.04 ksi 
8.35 ksi 
8.86 ksi 
12.17 ksi 
23.21 ksi 
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Stress 
(PennDOT 
@ 6.4H) 
9.04 ksi 
8.32 ksi 
8.88 ksi 
12.50 ksi 
23.20 ksi 
% Difference 
<1% 
<1% 
<1% 
3% 
<1% 
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I Table 18. SUMMARY OF THE LOAD CYCLES FOR THE DAMAGED 
BRIDGE WITH BS20 -44 VEHICLE AND 204-KIP PENNDOT PERMIT 
I VEHICLE. 
I *****HS20-44***** *****PERMIT****** CYCLE LL LL/72.0 LL LL/72.0 (kips) (kips) 
I 
1 0.0 0.00 0.0 0.00 
I 2 25.2 0.35 34.9 0.48 3 50.5 0.70 69.8 0.97 4 75.7 l. 05 104.6 1.45 
5 101.0 l. 40 139.5 1.94 I 6 126.2 l. 75 174.4 2.42 7 151.5 2.10 209.3 2.91 
8 176.7 2.45 244.2 3.39 
I 9 189.4 2.63 250.6 3.48 10 192.8 2.68 256.8 3.57 
11 197.5 2.74 261.7 3.63 
I 12 204.1 2.83 262.9 3.65 13 210.1 2.92 264.2 3.67 14 213.6 2.97 278.1 3.86 
15 219.1 3.04 285.3 3.96 I 16 223.7 3.11 290.9 4.04 17 230.8 3.21 298.0 4.14 
18 236.7 3.29 313.7 4.36 
I 19 241.7 3.36 320.9 4.46 20 242.4 3.37 323.8 4.50 21 250.6 3.48 326.4 4.53 
I 22 256.4 3.56 333.0 4.63 23 262.2 3.64 337.2 4.68 24 267.9 3.72 341.4 4.74 
25 293.2 4.07 350.9 4.87 I 26 297.1 4.13 360.2 5.00 27 308.1 4.28 364.3 5.06 
28 309.9 4.30 
I 
I 
I 
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Table 19. SUMMARY OF THE CYCLES SELECTED FOR CLOSER REVIEW 
OF THE DAMAGED 100 FOOT MULTIGIRDER. 
*****HS20-44 Vehicle Loading***** 
GROUP CYCLE LL LL/72.0 REMARKS 
(kips) 
1 1 0.0 0.00 Dead load only. 
2 4 75.7 1. 05 Before girder yield. 
3 6 126.2 1. 75 First reinforcing 
steel yield. 
4 9 189.4 2.63 First yield of girder 
steel. 
5 20 242.4 3.37 After girder yield. 
6 28 309.9 4.30 Final load cycle. 
*****Permit Vehicle Loading****** 
GROUP CYCLE LL LL/72.0 REMARKS 
(kips) 
1 1 0.0 0.00 Dead load only. 
2 4 104.6 1. 45 Before girder yield. 
3 6 174.4 2.42 First reinforcing 
steel yield. 
4 8 244.2 3.39 First yield of girder 
steel. 
5 18 313.7 4.36 After girder yield. 
6 27 364.3 5.06 Final load cycle. 
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Table 20. DEFLECTION COMPARISON OF ALL GIRDERS AT THE INI-
TIAL YIELD OF GS ON THE DAMAGED MULTIGIRDER BRIDGE FOR 
BOTH THE HS20-44 VEHICLE AND 204-KIP PENNDOT PERMIT 
VEHICLE LOADS. 
Girder # 
l 
2 
3 
4 
5 
6 
Deflection 
(HS20-44 
@ 2.6H) 
1.06" 
0.92" 
0.81" 
0.90" 
3.25" 
11.32" 
Deflection 
(PennDOT 
@ 3.4H) 
1. 07 
0.93 
0.82 
0.93 
3.26 
11.32 
% Difference 
<1% 
1% 
1% 
3% 
<1% 
1% 
Table 21. LOWER FLANGE STRESS COMPARISON OF UNYIELDED GIR-
DERS AT THE INITIAL YIELD OF GS ON THE DAMAGED MULTIGIRDER 
BRIDGE FOR BOTH THE HS20-44 VEHICLE AND 204-KIP PENNDOT 
PERMIT VEHICLE LOADS. 
Girder # 
1 
2 
3 
4 
6 
Stress 
(HS20-44 
@ 2.6H) 
9.72 ksi 
7.73 ksi 
6.36 ksi 
6.03 ksi 
9.38 ksi 
185 
Stress 
(PennDOT 
@ 3.4H) 
9.72 ksi 
7.73 ksi 
6.36 ksi 
6.23 ksi 
8.91 ksi 
% Difference 
<1% 
<1% 
<1% 
3% 
5% 
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Figure 3. Modeling of the Girders of a Typical Multigirder 
I Bridge 
189 
I 
I 
Figure 4. Modeling of the Reinforced Concrete Slab 
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Figure 5. Finite 
perstructure 
Element Discretization of the Bridge Su-
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Figure 13. Longitudinal Deflection Profiles, All Six Gir-
ders, 100 Foot Intact Bridge, HS20-44 Vehicle Without Dead 
Load 
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Figure 14. Longitudinal Deflection Profiles, All Six Gir-
ders, 100 Foot Damaged Bridge, HS20-44 Vehicle Without Dead 
Load 
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Figure 15. Transverse Deflection Profiles At X = L/3, 100 
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Figure 16. Transverse Deflection Profiles at X = L/2, 100 
Foot Intact and Damaged Bridges, HS20-44 Vehicle Without 
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6.0 
~.0 
-4.0 
3.0 
~ 
iii 
c 
til 2.0 Ill 
"' It 
Vi 
1.0 
0.0 
o.o 0.2 0.-4 0.6 0.8 1.0 
LONCiTUOII'W. LCJC4TlON (NORt.W.JZEO) 
0 C1 + C2 ¢C3 ll~ XC5 V G6 
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Figure 23. Lower Flange Stresses, All Six Girders, 100 Foot 
Intact Bridge, HS20-44 Vehicle With Dead Load 
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Figure 25. Longitudinal Slab Stresses Near Girder 3, 100 
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Figure 26. Longitudinal Slab Stresses Near Girder 4, 100 
Foot Intact and Damaged Bridges, HS20-44 Vehicle Without 
Dead Load 
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Figure 27. Longitudinal Slab Stresses Near Girder 5, 100 
Foot Intact and Damaged Bridges, HS20-44 Vehicle Without 
Dead Load 
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Figure 28. Longitudinal Slab Stresses Near Girder 6, 100 
Foot Intact and Damaged Bridges, HS20-44 Vehicle Without 
Dead Load 
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Figure 29. Longitudinal Slab Stresses Near Girder 3, 100 
Foot Intact and Damaged Bridges, HS20-44 Vehicle With Dead 
Load 
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Figure 30. Longitudinal Slab Stresses Near Girder 4, 100 
Foot Intact and Damaged Bridges, HS20-44 Vehicle With Dead· 
Load 
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Figure 31. Longitudinal Slab Stresses Near Girder 5, 100 
Foot Intact and Damaged Bridges, HS20-44 Vehicle With Dead 
Load 
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Figure 32. Longitudinal Slab Stresses Near Girder 6, 100 
Foot Intact and Damaged Bridges, HS20-44 Vehicle With Dead 
Load 
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Figure 34. Transverse Slab Stresses At X = 0.35L, 100 Foot 
Intact and Damaged Bridges, HS20-44 Vehicle Without Dead 
Load 
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Figure 35. Transverse Slab Stresses At X = 0.50L, 100 Foot 
Intact and Damaged Bridges, HS20-44 Vehicle Without Dead 
Load 
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Figure 36. Transverse Slab Stresses At X = 0.19L, 100 Foot 
Intact and Damaged Bridges, HS20-44 Vehicle With Dead Load 
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Figure 37. Transverse Slab Stresses At X= 0.35L, 100 Foot 
Intact and Damaged Bridges, HS20-44 Vehicle With Dead Load 
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Figure 38. Transverse Slab Stresses At X = 0.50L, 100 Foot 
Intact and Damaged Bridges, HS20-44 Vehicle With Dead Load 
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Figure 39. Vertical Reactions, Expansion-Expansion Sup-
ports, 100 Foot Intact & Damaged Bridges, HS20-44 Vehicle 
Without Dead Load 
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Figure 40. Vertical Reactions, Expansion-Expansion Sup-
ports, 100 Foot Intact & Damaged Bridges, HS20-44 Vehicle 
With Dead Load 
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Figure 41. Transverse Reactions, Expansion-Expansion Sup-
ports, 100 Foot Intact & Damaged Bridges, HS20-44 Vehicle 
Without Dead Load 
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Figure 42. Transverse Reactions, Expansion-Expansion Sup-
ports, 100 Foot Intact & Damaged Bridges, HS20-44 Vehicle 
With Dead Load 
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Figure 43. Longitudinal Deflection Profiles, Girder l, 100 
Foot Intact & Damaged Bridges, Various Vehicles Without 
Dead Load 
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Figure 45. Longitudinal Deflection Profiles, Girder 3, 100 
Foot Intact & Damaged Bridges, Various Vehicles Without 
Dead Load 
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Figure 46. Longitudinal Deflection Profiles, Girder 4, 100 
Foot Intact & Damaged Bridges, Various Vehicles Without 
Dead Load 
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Figure 47. Longitudinal Deflection Profiles, Girder 5, 100 
Foot Intact & Damaged Bridges, Various Vehicles Without 
Dead Load 
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Figure 48. Longitudinal Deflection Profiles, Girder 6, 100 
Foot Intact & Damaged Bridges, Various Vehicles Without 
Dead Load 
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Figure 49. Transverse Deflection Profiles At X = L/2, 100 
Foot Intact and Damaged Bridges, Various Vehicles Without 
Dead Load 
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Figure 50. Transverse Deflection Profiles at X = L/4, 100 
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Figure 52. Lower Flange Stresses, Girder 2, 100 Foot Intact 
and Damaged Bridge, Various Vehicles Without Dead Load 
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Figure 53. Lower Flange Stresses, Girder 3, 100 Foot Intact 
and Damaged Bridge, Various Vehicles Without Dead Load 
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Figure 54. Lower Flange Stresses, Girder 4, 100 Foot Intact 
and Damaged Bridge, Various Vehicles Without Dead Load 
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Figure 55. Lower Flange Stresses, Girder 5, 100 Foot Intact 
and Damaged Bridge, Various Vehicles Without Dead Load 
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Figure 56. Lower Flange Stresses, Girder 6, 100 Foot Intact 
and Damaged Bridge, Various Vehicles Without Dead Load 
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Figure 57. Lower Flange Stresses, Girder 1, 100 Foot Intact 
and Damaged Bridge, Various Vehicles With Dead Load 
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Figure 58. Lower Flange Stresses, Girder 2, 100 Foot Intact 
and Damaged Bridge, Various Vehicles With Dead Load 
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Figure 59. Lower Flange Stresses, Girder 3, 100 Foot Intact 
and Damaged Bridge, Various Vehicles With Dead Load 
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Figure 60. Lower Flange Stresses, Girder 4, 100 Foot Intact 
and Damaged Bridge, Various Vehicles With Dead Load 
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Figure 61. Lower Flange Stresses, Girder 5, 100 Foot Intact 
and Damaged Bridge, Various Vehicles With Dead Load 
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Figure 62. Lower Flange Stresses, Girder 6, 100 Foot Intact 
and Damaged Bridge, Various Vehicles With Dead Load 
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Figure 63. Longitudinal Slab Stresses Near Girder 3, 100 
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Dead Load 
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Figure 64. Longitudinal Slab Stresses Near Girder 4, 100 
Foot Intact and Damaged Bridges, Various Vehicles Without 
Dead Load 
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Figure 65. Longitudinal Slab Stresses Near Girder 5, 100 
Foot Intact and Damaged Bridges, Various Vehicles Without 
Dead Load 
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Figure 66. Longitudinal Slab Stresses Near Girder 6, 100 
Foot Intact and Damaged Bridges, Various Vehicles Without 
Dead Load 
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Figure 67. Longitudinal Slab Stresses Near Girder 3, 100 
Foot Intact and Damaged Bridges, Various Vehicles With Dead 
Load 
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Figure 68. Longitudinal Slab Stresses Near Girder 4, 100 . 
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Figure 69. Longitudinal Slab Stresses Near Girder 5, 100 
Foot Intact and Damaged Bridges, Various Vehicles With Dead 
Load 
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Figure 70. Longitudinal Slab Stresses Near Girder 6, 100 
Foot Intact and Damaged Bridges, Various Vehicles With Dead 
Load 
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Figure 71. Transverse Slab Stresses At X = O.lOL, 100 Foot 
Intact and Damaged Bridges, Various Vehicles Without Dead 
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Figure 72. Transverse Slab Stresses At X = 0.27L, 100 Foot 
Intact and Damaged Bridges, Various Vehicles Without Dead : 
Load 
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Figure 73. 
Intact and 
Load 
0.200 
0.150 
0.100 
0.050 ,... 
iii 
c 
en 0.000 en 
w 
f. 
1/) 
-O.O!iO 
-0.100 
-Q.l!IO 
-Q.200 
0.0 
0 H-1 
Figure 74. 
Intact and 
0.2 0.4 0.6 0.1!1 1.0 
TRANSVERSE L.OCATION (NORioWJZED) 
+ 0-1 o P-1 b. H-0 X 0-0 v P-O 
Transverse Slab Stresses At X = 0.50L, 100 Foot 
Damaged Bridges, Various Vehicles Without Dead 
0.2 0.4 0.6 0.1!1 1.0 
TRANSVERSE I..OCATION (NORI.W.IZED) 
+ 0-1 o P-1 b. H-0 X 0-0 v P-0 
Transverse Slab Stresses At X = O.lOL, 100 Foot· 
Damaged Bridges, Various Vehicles With Dead Load 
229 
~ 0.200 iii 
~ 
Ill 
Ill 
w 
~ 0.100 
-0.100 +--,.------r--.---.,---,---r---T--,---.,---"1 
0.0 0.2 0.-4 0.6 0.8 1.0 
lRANS\IERSE I...OCAllON (NORW.UZEO) 
U H-1 + 0-1 o P-1 1> H-0 X 0-0 v P-0 
Figure 75. Transverse Slab Stresses At X = 0.27L, 100 Foot 
Intact and Damaged Bridges, Various Vehicles With Dead Load 
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Figure 76. Transverse Slab Stresses At X = 0.50L, 100 Foot· 
Intact and Damaged Bridges, Various Vehicles With Dead Load 
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Figure 77. Vertical Reactions, Expansion-Expansion Sup-
ports, 100 Foot Intact Bridge, Various Vehicles Without 
Dead Load 
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Figure 78. V~rtical Reactions, Expansion-Expansion Sup-
ports, 100 Foot Damaged Bridge, Various Vehicles Without 
Dead Load 
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Figure 79. Longitudinal Deflection Profiles, Girder 1, 
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Figure 80. Longitudinal Deflection Profiles, Girder 3, 
Various Spans, Intact & Damaged Bridges, HS20-44 Vehicle 
Without Dead Load 
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Figure 81. Longitudinal Deflection Profiles, Girder 5, 
Various Spans, Intact & Damaged Bridges, HS20-44 Vehicle 
Without Dead Load 
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Figure 82. Longitudinal Deflection Profiles, Girder 6, 
Various Spans, Intact & Damaged Bridges, HS20-44 Vehicle 
Without Dead Load 
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Figure 84. Transverse Deflection Profiles At X = L/3, 
Various Spans, Intact and Damaged Bridges, HS20-44 Vehicle 
Without Dead Load 
234 
I 
I 
I 
I 
I 
I. 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
0.0 
-Q.1 
-0.2 
-0.3 
-0.4 
-0.5 
,... 
-Q.6 iii 
c 
-0.7 
Ill 
en 
-o.e w 
~ -Q.9 
-1.0 
-1.1 
-1.2 
-1.3 
-1.4 
-1.5 
0.0 0.2 0.4 0.6 o.e 1.0 
LONGITUDINAL L.C>C:A TION ( NORMAUZEO) 
+ 000 0 401 b. o400 X eO! V 800 0 001 
Figure 
Intact 
Load 
85. Lower Flange Stresses, Girder 1, Various Spans, 
and Damaged Bridge, HS20-44 Vehicle Without Dead 
0.0 
-0.1 
-Q.1 
,... -0.2 
iii 
~ 
Ill 
-0.2 Ill 
w 
~ 
-o.J 
-Q..} 
-o.4 
0.0 0.2 0.4 0.6 o.e 1.0 
LONGJT'JOlNAL L.C>C:ATION (NORW.UZEO) 
0 001 + 000 0 401 .A 400 X 801 v eoo 
Figure 86. Lower Flange Stresses, Girder 2, Various Spans, 
Intact and Damaged Bridge, HS20-44 Vehicle Without Dead 
Load 
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Figure 91. Longitudinal Slab Stresses Near Girder 3, 
Various Spans, Intact and Damaged Bridges, HS20-44 Vehicle 
Without Dead Load 
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Figure 92. Longitudinal Slab Stresses Near Girder 4, 
Various Spans, Intact and Damaged Bridges, HS20-44 Vehicle 
Without Dead Load 
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Figure 93. Longitudinal Slab Stresses Near Girder 5, 
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Figure 94. Longitudinal Slab Stresses Near Girder 6, 
Various Spans, Intact and Damaged Bridges, HS20-44 Vehicle 
Without Dead Load 
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Figure 95. Longitudinal Slab Stresses Near Girder 3, 
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Figure 96. Longitudinal Slab Stresses Near Girder 4, 
Various Spans, Intact and Damaged Bridges, HS20-44 Vehicle-
With Dead Load 
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Figure 97. Longitudinal Slab Stresses Near Girder 5, 
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Figure 98. Longitudinal Slab Stresses Near Girder 6, 
Various Spans, Intact and Damaged Bridges, HS20-44 Vehicle-
With Dead Load 
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Figure 100. Transverse Slab Stresses At X = O.SOL, Various 
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Figure 101. Longitudinal Deflection Profiles, Girder 5, 100 
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Foot Bridge With Various Damages, HS20-44 Vehicle With Dead 
Load 
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Figure 105. Lower Flange Stresses, Girder 3, 100 Foot 
Bridge With Various Damages, HS20-44 Vehicle Without Dead 
Load 
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Figure 106. Lower Flange Stresses, Girder 4, 100 Foot 
Bridge With Various Damages, HS20-44 Vehicle Without Dead 
Load 
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Figure 107. Lower Flange Stresses, Girder 5, 100 Foot 
Bridge With Various Damages, HS20-44 Vehicle Without Dead 
Load 
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Figure 108. Lower Flange Stresses, ·~irder 6, 100 Foot 
Bridge With Various Damages, HS20-44 Vehicle Without Dead 
Load 
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Figure 109. Lower Flange Stresses, Girder 5, 100 Foot 
Bridge With Various Damages, HS20-44 Vehicle With Dead Load 
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Figure 110. Lower Flange Stresses, Girder 6, 100 Foot 
Bridge With Various Damages, HS20-44 Vehicle With Dead Load 
247 
0.000 
-0.010 
-0.020 
-0.030 
~ 
-0.040 iii 
~ 
Ill -0.0~ 
Ill 
w 
e: 
-o.060 Ill 
-0.070 
-o.OIIO 
-o.O!MI 
-0.100 
0.0 0.2 0.4 0.6 0.8 1.0 
LONGITUDINAL LOCATION {NORioW..JZED) 
a INTACT + 0-LF ~ 0-LYI A 0-WW 
Figure 111. Longitudinal Slab Stresses Near Girder 3, 100 
Foot Bridge With Various Damages, HS20-44 Vehicle Without 
Dead Load 
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Figure 115. Longitudinal Slab Stresses Near Girder 5, 100 
Foot Bridge With Various Damages, HS20-44 Vehicle With Dead 
Load 
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Figure 116. Longitudinal Slab Stresses Near Girder 6, 100 
Foot Bridge With Various Damages, HS20-44 Vehicle With Dead 
Load 
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Figure 117. Transverse Slab Stresses At X = O.l9L, 100 Foot 
Bridge With Various Damages, HS20-44 Vehicle Without Dead 
Load 
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Figure 118. Transverse Slab Stresses At X = 0.35L, 100 Foot 
Bridge With Various Damages, HS20-44 Vehicle Without Dead 
Load 
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Figure 119. Transverse Slab Stresses At X = O.SOL, 100 Foot 
Bridge With Various Damages, HS20-44 Vehicle Without Dead 
Load 
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Figure 121. Transverse Slab Stresses At X = 0.35L, 100 Foot 
Bridge With Various Damages, HS20-44 Vehicle With Dead Load 
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Figure 122. Transverse Slab Stresses At X = 0.50L, 100 Foot 
Bridge With Various Damages, HS20-44 Vehicle With Dead Load 
253 
z 
0 
i= 
0 
"' ii! 
"' a 
0.131 . 2 
0.11 
0.10 
0.09 
:: ~ 
::j 
~ 
I \ 
O.OJ I 
o.o2 j I 
0.01 //' 
0.00 ~~~~:=.--=--=--=~~~~!fc:;;;~-----___:_~~ 
-0.01 
~.02~,-----.----,----.----.----.-----r-----.---~~~, 
0.0 0.2 0.4 0.6 0.8 1.0 
LONGITUDINAl. LOCATION (NORWJ..JZED) 
l.: OXI + oxc (> 001 lJ. OOD X xx, 17 XXiJ 
Figure 123. Longitudinal Deflection Profiles, Girder 1, 100 
Foot Bridge With Various Supports, Intact and Damaged, 
HS20-44 Vehicle Without Dead Load 
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Figure 124. Longitudinal Deflection Profiles, Girder 2, 100 
Foot Bridge With Various Supports, Intact and Damaged, 
HS20-44 Vehicle Without Dead Load 
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Figure 125. Longitudinal Deflection Profiles, Girder 3, 100 
Foot Bridge With Various Supports, Intact and Damaged, 
HS20-44 Vehicle Without Dead Load 
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Figure 126. Longitudinal Deflection Profiles, Girder 4, 100 
Foot Bridge With Various Supports, Intact and Damaged, 
HS20-44 Vehicle Without Dead Load 
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Figure 127. Longitudinal Deflection Profiles, Girder 5, 100 
Foot Bridge With Various Supports, Intact and Damaged, 
HS20-44 Vehicle Without Dead Load 
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Figure 128. Longitudinal Deflection Profiles, Girder 6, 100 
Foot Bridge With Various Supports, Intact and Damaged, 
HS20-44 Vehicle Without Dead Load 
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Figure 129. Longitudinal Deflection Profiles, Girder 5, 100 
Foot Bridge With Various Supports, Intact and Damaged, 
HS20-44 Vehicle With Dead Load 
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Figure 130. Longitudinal Deflection Profiles, Girder 6, 100 
Foot Bridge With Various Supports, Intact and Damaged, 
HS20-44 Vehicle With Dead Load 
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Figure 131. Lower Flange Stresses, Girder 1, 100 Foot 
Bridge With Various Supports, Intact and Damaged, HS20-44 
Vehicle Without Dead Load 
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Figure 132. Lower Flange Stresses, Girder 2, 100 Foot 
Bridge With Various Supports, Intact and Damaged, HS20-44 
Vehicle Without Dead Load 
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Figure 133. Lower Flange Stresses, Girder 3, 100 Foot 
Bridge With Various Supports, Intact and Damaged, HS20-44 
Vehicle Without Dead Load 
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Figure 134. Lower Flange Stresses, Girder 4, 100 Foot 
Bridge With Various Supports, Intact and Damaged, HS20-44 
Vehicle Without Dead Load 
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F1gure 135. Lower Flange Stresses, Girder 5, 100 Foot 
Bridge With Various Supports, Intact and Damaged, HS20-44 
Vehicle Without Dead Load 
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Figure 136. Lower Flange Stresses, Girder 6, 100 Foot 
Bridge With Various Supports, Intact and Damaged, HS20-44 
Vehicle Without Dead Load 
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Figure 137. Lower Flange Stresses, Girder l, 100 Foot 
Bridge With Various Supports, Intact and Damaged, HS20-44 
Vehicle With Dead Load 
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Figure 138. Lower Flange Stresses, Girder 2, 100 Foot 
Bridge With Various Supports, Intact and Damaged, HS20-44 
Vehicle With Dead Load 
261 
11.0 
10.0 
11.0 
e.o 
7.0 
~0 
!1.0 
4.0 
" iii 3.0 
~ 2.0 
1/) 
1/) 1.0 w 
~ 0.0 
Ill 
-1.0 
-2.0 
-3.0 
-4.0 
-5.0 
-6.0 
-7.0 
-e.o 
0.0 0.2 0.4 0.6 0.8 1.0 
0 0)(1 + 
LONGITUDINAL LOO.TlON (NORI.W..IZEO) 
OXD 0 001 " 000 )( )(l(j v XXD 
Figure 139. Lower Flange Stresses, Girder 3, 100 Foot 
Bridge With Various Supports, Intact and Damaged, HS20-44 
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Figure 140. Lower Flange Stresses, Girder 4, 100 Foot 
Bridge With Various Supports, Intact and Damaged, HS20-44 
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Figure 141. Lower Flange Stresses, Girder 5, 100 Foot 
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Figure 144. Longitudinal Slab Stresses Near Girder 4, 100 
Foot Bridge With Various Supports, Intact and Damaged, 
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Figure 145. Longitudinal Slab Stresses Near Girder 5, 100 
Foot Bridge With Various Supports, Intact and Damaged, 
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Figure 147. Longitudinal Slab Stresses Near Girder 5, 100 
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Figure 148. Longitudinal Slab Stresses Near Girder 6, 100 
Foot Bridge With Various Supports, Intact and Damaged, 
HS20-44 Vehicle With Dead Load 
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Figure 151. Vertical Reactions, Various Supports, 100 Foot 
Intact Bridge, HS20-44 Vehicle Without Dead Load 
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Figure 152. Vertical Reactions, Various Supports, 100 Foot 
Damaged Bridge, HS20-44 Vehicle Without Dead Load 
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Figure 174. Longitudinal Deflection Profiles, Girder 1, 100 
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Figure 180. Longitudinal Deflection Profiles, Girder 4, 100 
Foot Intact Bridge, HS20-44 Vehicle Load (28 Cycles) 
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Figure 181. Longitudinal Deflection Profiles, Girder 5, 100 
Foot Intact Bridge, HS20-44 Vehicle Load (Six Cycles) 
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Figure 182. Longitudinal Deflection Profiles, .Girder 5, 
Foot Intact Bridge, HS20-44 Vehicle Load (28 Cycles) 
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Figure 183. Longitudinal Deflection Profiles, Girder 6, 100 
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Figure 184. Longitudinal Deflection Profiles, Girder 6, 100 
Foot Intact Bridge, HS20-44 Vehicle Load (28 Cycles) 
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Figure 185. Live Load vs. Total Deflection at Midspan, Gir-
der 5, 100 Foot Intact Bridge, HS20-44 Vehicle Load 
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Figure 186. Live Load vs. Total Deflection at Midspan, Gir~ 
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Figure 196. Live Load vs. Total Deflection at Midspan, Gir-
der 5, 100 Foot Intact Bridge, PennDOT Permit Vehicle Load 
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Figure 197. Live Load vs. Total Deflection at Midspan, Gir-
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Figure 199. Transverse Deflection Profiles, X = L/2, 100 
Foot Intact Bridge, PennDOT Permit Vehicle Load (28 Cycles) 
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Figure 200. Lower Flange Stresses, Girder 1, 100 Foot In-
tact Bridge, HS20-44 Vehicle Load (Six Cycles) 
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Figure 201. Lower Flange Stresses, Girder 1, 100 Foot In-
tact Bridge, HS20-44 Vehicle Load (28 Cycles) 
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Figure 202. Lower Flange Stresses, Girder 2, 100 Foot In-
tact Bridge, HS20-44 Vehicle Load (Six Cycles) 
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Figure 203. Lower Flange Stresses, Girder 2, 100 Foot In-
tact Bridge, HS20-44 Vehicle Load (28 Cycles) 
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Figure 204. Lower Flange Stresses, Girder 3, 100 Foot In-
tact Bridge, HS20-44 Vehicle Load (Six Cycles) 
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Figure 205. Lower Flange Stresses, Girder 3, 100 Foot In-
tact Bridge, HS20-44 Vehicle Load (28 Cycles) 
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Figure 206. Lower Flange Stresses, Girder 4, 100 Foot In-
tact Bridge, HS20-44 Vehicle Load (Six.Cycles) 
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Figure 207. Lower Flange Stresses, Girder 4, 100 Foot In-
tact Bridge, HS20-44 Vehicle Load (28 Cycles) 
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Figure 211. Lower Flange Stresses, Girder 6, 100 Foot In-
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Figure 212. Lower Flange Stresses, Girder 6, 100 Foot In-
tact Bridge, HS20-44 Vehicle Load (28 Cycles) 
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Figure 213. Lower Flange Stresses, All Girders, 100 Foot 
Intact Bridge, HS20-44 Vehicle Load, Live Load = O.OH 
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214. Lower Flange Stresses, All Girders, 100 Foot 
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306 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
30 
28 
26 
24 
~ 22 iii 
!;. 20 
Ill 
Ill HI &.J 
e: 16 Ill 
D:: 
w 14 
CD (;: 
12 
:::1 
0 10 s 
m 8 
6 
4 
2 
0 
0 0.2 0.4 0.6 0.8 
LONGITUDINAL COORDINATE (NORW.UZED) 
o C1 + C2 0 CJ I> C4 X C5 v C6 
Figure 215. Lower Flange Stresses, All Girders, 100 Foot 
Intact Bridge, HS20-44 Vehicle Load, Live Load = 3.2H 
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Figure 216. Lower Flange Stresses, All Girders, 100 Foot 
Intact Bridge, HS20-44 Vehicle Load, Live Load = 4.9H 
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217. Lower Flange Stresses, All Girders, 100 Foot 
Bridge, HS20-44 Vehicle Load, Live Load = 5.6H 
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Figure 218. Lower Flange Stresses, All Girders, 100 Foot 
Intact Bridge, HS20-44 Vehicle Load, Live Load = 6.2H 
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Figure 219. Lower Flange Stresses, Girder 1, 100 Foot In-
tact Bridge, PennDOT Permit Vehicle Load (Six Cycles) 
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Figure 220. Lower Flange Stresses, Girder 2, 100 Foot In-
tact Bridge, PennDOT Permit Vehicle Load (Six Cycles) 
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Figure 221. Lower Flange Stresses, Girder 3, 100 Foot In-
tact Bridge, PennDOT Permit Vehicle Load (Six Cycles) 
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Figure 222. Lower Flange Stresses, Girder 4, 100 Foot In- · 
tact Bridge, PennDOT Permit Vehicle Load (Six Cycles) 
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Figure 223. Lower Flange Stresses, Girder 5, 100 Foot In-
tact Bridge, PennDOT Permit Vehicle Load (Six Cycles) 
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Figure 224. Lower Flange Stresses, Girder 6, 100 Foot In-
tact Bridge, PennDOT Permit Vehicle Load (Six Cycles) 
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Figure 225. Lower Flange Stresses, All Girders, 100 Foot 
Intact Bridge, PennDOT Permit Vehicle Load, Live Load = 
O.OH 
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Figure 226. Lower Flange Stresses, All Girders, 100 Foot 
Intact Bridge, PennDOT Permit Vehicle Load, Live Load = 
l.lH 
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Figure 227. Lower Flange Stresses, All Girders, 100 Foot 
Intact Bridge, PennDOT Permit Vehicle Load, Live Load = 
3.1H 
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Figure 228. Lower Flange Stresses, All Girders, 100 Foot 
Intact Bridge, PennDOT Permit Vehicle Load, Live Load = 
6.4H 
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Figure 229. Lower Flange Stresses, All Girders, 100 Foot 
Intact Bridge, PennDOT Permit Vehicle Load, Live Load = 
7.9H 
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Figure 230. Lower Flange Stresses, All Girders, 100 Foot 
Intact Bridge, PennDOT Permit Vehicle Load, Live Load = 
8.6H 
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Figure 231. Yielding of Steel Girder Layers, Girder 6, 100 
Foot Intact Bridge, HS20-44 Vehicle Load, Live Load = 4.9H 
~·-·-··-·-·-·-·-·-·-·- .. -·-:-··-·-·-·-·-"~:-·-··-·-·-·7·-·-·-·- .. --·-·-·-·-·-·-,-·-·-.. -·-·-·-·-.. -·-·-.. --~. 
e.co 8.25 . ::. e.se 0.75 1. ea 
.Figure 232. Yielding of Steel Girder Layers, Girder 6, 100. 
Foot Intact Bridge, HS20-44 Vehicle Load, Live Lo~d = 5.6H 
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Figure 233. Yielding of Steel Girder Layers, Girder 6, 100: 
Foot Intact Bridge, HS20-44 Vehicle Load, Live Load = 6.2H 
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Figure 234. Yielding of Steel Girder Layers, Girder 6, 100 
Foot Intact Bridge, PennDOT Permit Vehicle Load, Live Load 
= 6.4H 
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Figure 235. Yielding of Steel Girder Layers, Girder 6, 100 
Foot Intact Bridge, PennDOT Permit Vehicle Load, Live Load. 
= 7.7H 
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Figure 236. Yielding of Steel Girder Layers, Girder 6, 100 
Foot Intact Bridge, PennDOT Permit Vehicle Load, Live Load 
= 7.9H 
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Figure 237. Yielding of Steel Girder Layers, Girder 6, 100 
Foot Intact Bridge, PennDOT Permit Vehicle Load, Live Load 
= 8.6H 
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Figure 238. Reinforced Concrete Slab Cracking and Crushing, 
100 Foot Intact Bridge, HS20-44 Vehicle Load, Live Load = 
O.OH 
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Figure 239. Reinforced Concrete Slab Cracking and Crushing, 
100 Foot Intact Bridge, HS20-44 Vehicle Load, Live Load = . 
l.lH 
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Figure 240. Reinforced Concrete Slab Cracking and Crushing, 
100 Foot Intact Bridge, HS20-44 Vehicle Load, Live Load = 
3.2H 
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Figure 241. Reinforced Concrete Slab Cracking and Crushing, 
100 Foot Intact Bridge, HS20-44 Vehicle Load, Live Load = 
4.9H 
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Figure 242. Reinforced Concrete Slab Cracking and Crushing, 
100 Foot Intact Bridge, HS20-44 Vehicle Load, Live Load = 
5.6H . 
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Figure 243. Reinforced Concrete Slab Cracking and Crushing~ 
100 Foot Intact Bridge, HS20-44 Vehicle Load, .Live Load = 
6.2H 
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F1gure 244. Reinforced Concrete Slab Cracking and Crushing, 
100 Foot Intact ·Bridge, PennDOT Permit Vehicle Load, Live 
Load = O.OH 
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Figure 245. Reinforced Concrete Slab Cracking and Crushing, 
100 Foot Intact Bridge, PennDOT Permit Vehicle Load, Live 
Load = l.lH 
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Figure 246. Reinforced Concrete Slab Cracking and Crushing, 
100 Foot Intact Bridge, PennDOT Permit Vehicle Load, Live 
Load = 3.1H 
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Figure 247. Reinforced Concrete Slab Cracking and Crushing, 
100 Foot Intact Bridge, PennDOT Permit Vehicle Load, Live ~ 
Lo·ad = 6. 4H · 
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Figure 248. Reinforced Concrete Slab Cracking and Crushing, 
100 Foot Intact Bridge, PennDOT Permit Vehicle Load, Live 
Load = 7.9H 
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Figure 249. Reinforced Concrete Slab Cracking and Crushing, 
100 Foot Intact Bridge, PennDOT Permit Vehicle Load, Live , 
Load = 8.6H 
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Figure 250. Live Load vs. Total Deflection at Midspan, All: 
Six Girders, 100 Foot Damaged Bridge, HS20-44 Vehicle Load 
325 
0.00 
-0.10 
-0.20 
-O.Xl 
Iii' 
w 
-0.40 
r 
u 
z 
;::. 
-0.50 
z 
0 
;:: 
-0.60 
u 
w 
...J 
&.. 
-0.70 w 
0 
-0.80 
-0.90 
-1.00 
-1.10 
0.00 0.20 0.40 0.60 0.80 1.00 
LONGITUDINAL COORDINATE (NORt.WJZED) 
0 0.0 + 1.1 0 1.B b. 2.6 X 3.4 
¥1gure 251. Longitudinal Deflection Profiles, Girder 1, 100 
Foot Damaged Bridge, HS20-44 Vehicle Load (Six Cycles) 
0.00 
-o.10 
-o.20 
-O.Xl 
Iii' 
w 
-0.40 
r 
u 
z 
;::. 
-0.50 
z 
0 ;:: -0.60 
u 
w 
~ 
-0.70 w 
0 
-0.80 
-o.90 
-1.00 
-1.10 
0.00 0.20 0.40 0.60 0.80 1.00 
LONGITUDINAL COORDINATE (NORW.UZED) 
- -· 2B LOA:JS C"fCcES 
Figure 252. Longitudinal Deflection Profiles, Girder 1, 100 
Foot Damaged Bridge, HS20-44 Vehicle Load (28 Cycles) 
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Figure 253. Longitudinal Deflection Profiles, Girder 2, 100 
Foot Damaged Bridge, HS20-44 Vehicle Load (Six Cycles) 
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Figure 254. Longitudinal Deflection Profiles, Girder 2, 100 
Foot Damaged Bridge, HS20-44 Vehicle Load (28 Cycles) 
327 
0.00 
-0.10 
-0.20 
Iii' -0.30 
"' r 0 
z 
-0.40 
-=-
z 
0 
I= 
-0.50 0 
"' ~
"' -0.60 0 
-0.70 
-0.80 
-0.90 
0.00 0.20 0.40 0.60 0.80 1.00 
D 0.0 .. 1.1 
LONGITUOti'W.. COOROtNAIT (NORMAUZED) 
0 1.8 t. 2.6 X J.4 v 4.3 
Figure 255. Longitudinal Deflection Profiles, Girder 3, 100 
Foot Damaged Bridge, HS20-44 Vehicle Load (Six Cycles) 
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Figure 256. Longitudinal Deflection Profiles, Girder 3, 10~ 
Foot Damaged Bridge, .HS20-44 Vehicle Load (28 Cycles) 
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Figure 257. Longitudinal Deflection Profiles, Girder 4, 
Foot Damaged Bridge, HS20-44 Vehicle Load (Six Cycles) 
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Figure 258. Longitudinal Deflection Profiles, Girder 4., 100 
Foot Damaged Bridge, HS20-44 Vehicle Load (28 Cycles) 
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Figure 259. Longitudinal Deflection Profiles, Girder 5, 
Foot Damaged Bridge, HS20-44 Vehicle Load (Six Cycles) 
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Figure 260. Longitudinal Deflection Profiles, Girder 5, 100 
Foot Damaged Bridge, HS20-44 Vehicle Load (28 Cycles) 
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Figure 261. Longitudinal Deflection Profiles, Girder 6, 
Foot Damaged Bridge,· HS20-44 Vehicle Load (Six Cycles) 
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Figure 262. Longitudinal Deflection Profiles, Girder 6, 100 
Foot Damaged Bridge, HS20-44 Vehicle Load (28 Cycles) 
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Figure 263. Live Load vs. Total Deflection at Midspan, Gir-
der 5, 100 Foot Damaged Bridge, HS20-44 V~hicle Load 
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Figure 264. Live Load vs. Total Deflection at Midspan, Gir-
der 6 100 Foot Damaged Bridge, HS20-44 Vehicle Load 
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Figure 265. Transverse Deflection Profiles, X = L/2, 100 
Foot Damaged Bridge, HS20-44 Vehicle Load (Six Cycles) 
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Figure 266. Transverse Deflection Profiles, X = L/2, 100 
Foot Damaged Bridge, HS20-44 Vehicle Load (28 Cycles)· 
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Foot Damaged Bridge, PennDOT Permit Vehicle Load (Six 
Cycles) 
0.00 
-o.10 
-0.20 
-0.30 
Zl 
IU 
r 
-0.40 u 
z 
v 
z 
-0.!10 0 
~ 
u 
IU 
-0.60 ~ 
IU 
0 
-0.70 
-0.80 
-0.90 
-1.00 
0.00 0.20 0.40 0.60 0.80 1.00 
LONCTTUOINAL COORDINATE {NORioW..JZEO) 
0 0.0 + 1.5 0 2.4 6 3.4 X 4.4 5.1 
100 
Figure 269. Longitudinal Deflection Profiles, Girder 2, 100 
Foot Damaged Bridge, PennDOT Permit Vehicle Load (Six 
Cycles) 
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Figure 270. Longitudinal Deflection Profiles, Girder 3, 100 
Foot Damaged Bridge, PennDOT Permit Vehicle Load (Six 
Cycles) 
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Figure 271. Longitudinal Deflection Profiles, Girder 4, 100 
Foot Damaged Bridge, PennDOT Permit Vehicle Load (Six 
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Figure 272. Longitudinal Deflection Profiles, Girder 5, 100 
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Figure 274. Live Load vs. Total Deflection at Midspan, Gir-
der 5, 100 Foot Damaged Bridge, PennDOT Permit Vehicle Load 
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Figure 278. Lower Flange Stresses, Girder 1, 100 Foot 
Damaged Bridge, HS20-44 Vehicle Load {Six Cycles) 
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Figure 279. Lower Flange Stresses, Girder 1, 100 Foot 
Damaged Bridge, HS20-44 Vehicle Load {27 Cycles) 
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Figure 280. Lower Flange Stres~es, Girder 2i 100 Foot. 
Damaged Bridge, HS20-44 Vehicle Load (Six Cycles) 
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Figure 281. Lower Flange Stress~s, Girder 2, 100 Foot 
Damaged Bridge, HS20-44 Vehicle Load (27 Cycles) 
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Figure 282. Lower Flange Stresses, Girder 3, 100 Foot 
Damaged Bridge, HS20-44 Vehicle Load (Six Cycles) 
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Figure 283. Lower Flange Stresses, Girder 3, 100 Foot 
Damaged Bridge, HS20-44 Vehicle Load (27 Cycles) 
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Figure 284. Lower Flange Stresses, Girder 4, 100 Foot 
Damaged Bridge, HS20-44 V~hicle Load (Six Cycles) 
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Figure 285. Lower Flange Stresses, Girder 4, 100 Foot 
Damaged Bridge, HS20-44 Vehicle Load (27 Cycles) 
343 
40-
3!> 
30 
2!> 
~ 
iii 
~ 
Ill 20 
Ill 
w 
~ 
Ill 
1!> 
10 
!> 
0 
0 0.2 0.-4 0.6 o.e 
LONGIT\JDI"'-'L COOROI"'ATE (NORW.UZEO) 
0 0.0 + 1.1 0 1.!! b 2.6 X 3.4 v 4.3 
Figure 286. Lower Flange Stresses, Girder 5, 100 Foot 
Damaged Bridge, HS20-44 Vehicle Load (Six Cycles) 
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Figure 287. Lower Flange Stresses, Girder 5, 100 Foot 
Damaged Bridge, HS20-44 Vehicle Load (27 Cycles) 
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Figure 288. Lower Flange Stresses, Girder 6, 100 Foot 
Damaged Bridge, HS20-44 Vehicle Load (Six Cycles) 
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Figure 289. Lower Flange Stresses, Girder 6, 100 Foot 
Damaged Bridge, HS20-44 Vehicle Load (27 Cycles) 
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Figure 290. Lower Flange Stresses, All Girders, 100 Foot 
Damaged Bridge, HS20-44 Vehicle Load, Live Load = O.OH 
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Figure 291. Lower Flange Stresses, All Girders, 100 Foot 
Damaged Bridge, HS20-44 Vehicle Load, Live Load = l.lH 
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Figure 292. Lower Flange Stresses, All Girders, 100 Foot 
Damaged Bridge, HS20-44 Vehicle Load, Live Load = 1.8H 
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Figure 293. Lower Flange Stresses, All Girders, 100 Foot 
Damaged Bridge, HS20-44 Vehicle Load, Live Load = 2.6H 
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Figure 294. Lower Flange Stresses, All Girders, 100 Foot 
Damaged Bridge, HS20-44 Vehicle Load, Live Load = 3.4H 
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Figure 295. Lower Flange Stresses, All Girders, 100 Foot 
Damaged Bridge, HS20-44 Vehicle Load, Live Load = 4.3H 
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Figure 296. Lower Flange Stresses, Girder 1, 100 Foot 
Damaged Bridge, PennDOT Permit Vehicle Load (Six Cycles) 
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Figure 297. Lower Flange Stresses, Girder 2, 100 Foot 
Damaged Bridge, PennDOT Permit Vehicle Load (Six Cycles) 
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Figure 298. Lower Flange Stresses, Girder 3, 100 Foot 
Damaged Bridge, PennDOT Permit Vehicle Load (Six Cycles) 
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Figure 299. Lower Flange Stresses, Girder 4, 100 Foot 
Damaged Bridge, PennDOT Permit Vehicle Load (Six Cycles) 
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Figure 301. Lower Flange Stresses, Girder 6, 100 Foot 
Damaged Bridge, PennDOT Permit Vehicle Load (Six Cycles) 
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Figure 302. Lower Flange Stresses, All Girders, 100 Foot 
Damaged Bridge, PennDOT Permit Vehicle Load, Live Load = 
O.OH 
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Figure 303. Lower Flange Stresses, All Girders, 100 Foot 
Damaged Bridge, PennDOT Permit Vehicle Load, Live Load = 
l.SH 
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Figure 304. Lower Flange Stresses, All Girders, 100 Foot 
Damaged Bridge, PennDOT Permit Vehicle Load, Live Load = 
2.4H 
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Figure 305. Lower Flange Stresses, All Girders, 100 Foot 
Damaged Bridge, PennDOT Permit Vehicle Load, Live Load = 
3.4H 
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Figure 306. Lower Flange Stresses, All Girders, 100 Foot 
Damaged Bridge, PennDOT Permit Vehicle Load, Live Load = 
4.4H 
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Figure 307. Lower Flange Stresses, All Girders, 100 Foot 
Damaged Bridge, PennDOT Permit Vehicle Load, Live Load = 
5.1H 
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Figure 308. Yielding of Steel Girder Layers, Girder 6, 100 
Foot Damaged Bridge, HS20-44 Vehicle Load, Live Load = 2.6H 
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Figure 309. Yielding of Steel Girder Layers, Girder 6, 100. 
Foot Damaged Bridge, HS20-44 Vehicle Load, Live Load = 2.7H 
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Figure 310. Yielding of Steel Girder Layers, Girder 6, 100 
Foot Damaged Bridge, HS20-44 Vehicle Load, Live Load = 3.4H 
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Figure 311. Yielding of Steel Girder Layers, Girder 6, 100" 
Foot Damaged Bridge, HS20-44 Vehicle Load, Live Load = 4.3H 
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-Figure 312. Yielding of Steel Girder Layers, Girder 6, 100 
Foot Damaged Bridge, PennDOT Permit Vehicle Load, Live Load 
= 3.4H 
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Figure 313. Yielding of Steel Girder Layers, Girder 6, 100 
Foot Damaged Bridge, PennDOT Permit Vehicle Load, Live Load 
= 4.4H 
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Fig~re 314. Yielding of Steel Girder Layers, Girder. 6, 100 
Foot Damaged Bridge, ·PennDOT Permit Vehicle Load, Live Load 
= 4.7H 
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Figure 315.· Yielding of Steel Girder Layers, Girder 6, 100 
Foot Damaged Bridge, PennDOT Permit Vehicle Load, Live Load 
= 5.1H 
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Figure 316. Reinforced Concrete Slab Cracking and Crushing, 
100 Foot Damaged Bridge, HS20-44 Vehicle Load, Live Load =· 
O.OH 
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Figure 317. Reinforced Concrete Slab Cracking and Crushing 
Patterns, 100 Foot Damaged Bridge, HS20-44 Vehicle Load, 
Dead Load Only 
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Figure 318. Reinforced Concrete Slab Cracking and Crushing, 
100 Foot Damaged Bridge, HS20-44 Vehicle Load, Live Load = 
l.lH 
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Figure 319. Reinforced Concrete Slab Cracking and Crushing, 
100 Foot Damaged Bridge, HS20-44 Vehicle Load, Live Load =· 
l. 8H 
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Figure 320. Reinforced Concrete Slab Cracking and Crushing, 
100 Foot Damaged Bridge, HS20-44 Vehicle Load, Live Load = 
2.6H 
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Figure 321. Reinforced Concrete Slab Cracking and Crushing, 
100 Foot Damaged Bridge, HS20-44 Vehicle Load, Live Load = 
3.4H 
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Figure 322. Reinforced Concrete Slab Cracking and Crushing, 
100 Foot Damaged Bridge, HS20-44 Vehicle Load, Live Load = 
4.3H 
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Figure 323. Reinforced Concrete Slab Cracking and Crushing, 
100 Foot Damaged Bridge, PennDOT Permit Vehicle Load, Live 
Load = l.SH 
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Figure 324. Reinforced Concrete Slab Cracking and Crushing, 
100 Foot Damaged Bridge, PennDOT Permit Vehicle Load, Live 
Load = 2. 4H 
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Figure 325. Reinforced Concrete Slab Cracking and Crushing, 
100 Foot Damaged Bridge, PennDOT Permit Vehicle Load, Live I 
Load = 3.4H 
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Figure 326. Reinforced Concrete Slab Cracking and 
C~us~:ns, 100 Foot Damaged Bridge, PennDOT Permit 
Ve~ic:e Loa~, Live Load = 4.4H 
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Figure 327. Reinforced Concrete Slab Cracking and 
Crushing, 100 Foot Damaged Bridge, PennDOT Permit 
Vehicle L~ad, Live Load = S.lH 
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